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Introduction 


/  % 


Gain-of-function  mutations  and  the  amplification  of  genes  related  to  proliferation  are  universal 
components  of  cancer.  Generally,  these  mutations  account  for  the  most  profound  phenotypic 
dissimilarities  between  cancer  cells  and  the  normal  cells.  As  such  the  affected  genes  and  gene 
products  are  the  most  useful  possible  targets  for  specific  chemotherapeutics.  Among  the  genes 
most  often  overexpressed  in  cancer  are  the  receptor  protein  tyrosine  kinases  (RPTKs)  (f).  An 
enormous  amount  of  evidence  has  implicated  these  proteins  in  many  types  of  cancer.  The  HER- 
2/neu/ErbB-2  is  an  important  target  for  a  variety  of  second  generation  chemotherapeutics.  A 
growing  body  of  evidence  has  implicated  other  receptor  protein  tyrosine  kinases  in  breast 
cancer.  We  have  developed  an  extraordinarily  powerful  technique  for  suppressing  gene 
expression  in  mammalian  cells  (for  review  see  (2).  This  technique  uses  small,  DNA-encoded 
RNAs  to  suppress  the  expression  of  a  desired  gene,  stably  and  inexpensively  even  in  a  diploid 
organism.  DNA  encoded  short  hairpin  RNAs  targeting  each  of  the  58  human  receptor  protein 
tyrosine  kinases  will  be  cloned  into  mammalian  expression  vectors  and  introduced  into  MCF-7 
cells.  The  effects  of  the  constructs  on  RPTK  expression,  cell  viability  and  proliferation,  and 
estrogen  dependence  will  be  tested.  Hairpin  constructs  that  affect  cellular  correlates  of 
tumorigenicity  will  be  tested  further  for  effects  in  three-dimensional  culture  models.  Testing  of 
these  promising  constructs  in  subcutaneous  and  orthotopic  xenograft  models  will  also  be  carried 
out.  Hairpin  RNAs  that  cause  lethality  or  reversal  of  breast  cancer-related  phenotypes 
specifically  in  cancer  cells  will  be  identified  as  useful  tools  and  potential  therapeutics. 
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There  has  been  good  progress  on  the  proposed  work  for  completion  by  the  end  of  twelve 
months.  The  major  goal  of  this  time  period  was:  Creation  of  a  set  of  encoded  hairpins 
targeted  against  the  genomic  complement  of  RPTKs.  This  goal  has  been  met.  As  described 
below,  by  adopting  high-throughput  approaches  to  the  construction  of  hairpins  we  have  created 
a  set  of  silencing  agents  not  only  for  the  genomic  complement  of  receptor  tyrosine  kinases,  but 
also  all  tyrosine  kinases  and  a  large  number  of  genes  functionally  related  to  the  RPTKs. 

The  year  1  aims  fit  in  the  overall  objective  of  the  proposal  as  filling  a  pool  with  shRNA  constructs 
from  which  it  will  be  possible  to  identify  a  small  number  that  have  inhibitory  effects  on  breast 
cancer  progression  in  vivo  models.  This  would  add  to  our  understanding  of  the  genes  involved 
in  breast  cancer  and  identify  their  products  as  potential  small  molecule  therapeutic  targets.  It 
would  also  pave  the  way  for  testing  of  the  hairpins  that  we  identify  as  gene  therapeutics.  It  is  not 
our  intent  to  carry  out  a  detailed  investigation  of  the  phenotypes  that  result  from  expression  of  a 
particular  hairpin.  Although  undoubtedly  interesting,  it  is  beyond  the  scope  of  this  proposal. 
Rather  it  is  hoped  that  the  hairpin  constructs  and  resulting  cell  lines  will  succeed  in  identifying 
subjects  for  future  study  and  serve  as  a  resource  for  other  investigators  in  the  field.  The  first 
step  of  this  was  the  generation  of  a  large  number  silencing  constructs  to  fill  the  pool. 

Months  1-12  of  the  proposal  were  summarized  in  the  original  Statement  of  Work  which  is  given 
below: 

Creation  of  a  set  of  encoded  hairpins  targeted  against  the  genomic  compiement  of 
RPTKs 


1 .  Synthesis 

2.  Subcloning  to  recipient  vector  -sequence  confirmation 

3.  Transfer  to  expression  vector 

4.  Optimization  of  delivery  to  breast  cancer  cells 

5.  Immediate  analysis  of  hairpins  targeting  RPTKs  with  known  breast  cancer 
phenotypes 

Each  task  from  the  Statement  of  Work  is  discussed  below: 

1.  Synthesis 

The  rate-limiting  step  in  shRNA-based  silencing  has  been  the  construction  of  the  actual  hairpin 
plasmids  and  their  transfer  into  appropriate  cell  types.  We  had  already  made  use  of  high 
throughput  methodologies  to  significantly  accelerate  several  of  the  steps  involved.  Perl-based 
hairpin  oligo  design  scripts  (available  at  the  website:  http://katahdin.cshl.ora:9331/RNAn  .  and 
large  scale  oligo  synthesis  were  already  in  place. 

The  first  step  in  creating  the  set  of  DNA  encoded  short  hairpin  RNAs  was  to  assemble  all  the 
accession  numbers  of  the  RPTKs  (Table  1) .  The  list  was  processed  by  using  the  PERL  scripts 
to  generate  potential  shRNA  sequences  for  each  gene.  At  first  three  shRNA  designs  were 
obtained  for  each  gene.  Since  little  is  currently  understood  regarding  the  variability  in 
suppression  strength  for  hairpins  that  target  the  same  gene,  we  typically  construct  at  least  three 
hairpins  for  each  gene  that  we  are  interested  in  silencing.  Some  hairpins  cause  a  nearly  100% 
suppression  of  the  cognate  gene  whereas  others  may  only  suppress  40%  and  others  not  at  all. 
Although  this  results  in  more  work,  it  also  allows  for  the  generation  of  hypomorphic  alleles  of 
varying  severity  which  in  some  instances  may  be  useful.  For  example  complete  suppression  of 
an  essential  gene  is  likely  to  be  lethal,  whereas  40%  suppression  of  an  essential  gene  is  likely 
to  yield  a  milder  phenotype. 


Table  1.  Accession  numbers  for  the  tyrosine  kinases  used  in  shRNA  design. 


NM_005157 

NM_002110 

NM_004431 

NM_005211 

NM_005158 

NM_005365 

NM_005233 

NM_004119 

NM  005781 

NM_002350 

NM_004438 

NM_000222 

NM_003985 

NM_001721 

L36644 

NM_006206 

NM_004383 

NM_000061 

NM_173655 

NM_002609 

NM  002378 

NM_005546 

NM_004440 

NM_002821 

NM  005607 

NM_003215 

AB040892 

X12949 

NM_004103 

NM_003328 

NM_004441 

NM_005012 

NM_005246 

NM_003177 

AF025304 

NM_004560 

NM_002005 

L05148 

NM_004443 

NM_002944 

NM_005975 

NM_004304 

NM_004444 

S59184 

NM_002031 

NM_002344 

NM_004445 

NM_000459 

NM_080823 

NM_001699 

M34641 

NM_005424 

NM_002227 

NM_006343 

NM_000141 

NM_002529 

NM_004972 

NM_006293 

NM_000142 

NM_006180 

NM_000215 

NM_013993 

NM_002011 

NM_002530 

NM_003331 

NM_006182 

NM_000875 

NM_002019 

NM_005248 

NM_005228 

NM_000208 

NM_002020 

NM_002037 

NM_004448 

J05046 

NM_004920 

NM_005417 

NM_001982 

NM_000245 

NM_014916 

NM_005433 

NM_005235 

NM_002447 

NM_018423 

NM  001715 

NM  005232 

NM  005592 

The  shRNA  targeting  sequences  for  each  gene  were  picked  based  upon  a  number  of 
constraints.  Only  coding  sequences  were  targeted,  and  each  target  site  was  chosen  for 
maximum  uniqueness  in  the  human  genome  (>3*  mismatches  to  any  other  sequence  in  the 
database)  and,  where  possible,  for  sequence  identity  to  the  mouse  ortholog  of  the  targeted 
gene.  Target  sites  with  runs  >3  T  residues  were  eliminated  to  avoid  premature  termination  by 
RNA  polymerase  III  and  2-3  G:U  base  pairs  were  incorporated  into  the  predicted  stem  to 
stabilize  inverted  DNA  repeats  in  bacteria.  Short  hairpin  RNA  sequences  were  converted  into  a 
single  72nt  primer  sequence  onto  which  are  added  21  nt  of  homology  to  the  3’  end  of  the  human 
U6  snRNA  promoter. 

Although  hairpin  primer  sequences  were  directly  ported  and  synthesized  on  a  Mermade  V 
oligonucleotide  synthesizer  (Bioautomation),  it  became  apparent  that  for  reasons  related  to 
reliability  and  production  rate  ,  that  it  was  more  effective  to  purchase  oligos  from  commercial 
suppliers. 

2.  Subcloning  to  recipient  vector -sequence  confirmation 

3.  Transfer  to  expression  vector 

In  the  initial  proposal,  a  PCR-based  strategy  was  to  be  used  to  produce  shRNA  constructs.  PCR 
reactions  were  carried  out  in  96-well  format.  The  original  plan  called  for  the  resulting  fragments 
to  be  cloned  directly  into  pENTR/D-topo  (Invitrogen)  and  subsequently  transferred  to  a  recipient 
retroviral  vector  containing  a  Gateway  acceptor  site.  The  cost  and  poor  reliability  of  the  Gateway 
system  made  this  an  unreliable  approach. 

Instead  we  opted  for  a  strategy  in  which  the  shRNA  encoding  PCR  products  were  directly 
introduced  into  a  recipient  retroviral  vector.  Retrovirus-based  vectors  are  generally  favored  for 
delivery  of  hairpins  into  mammalian  cells  (2).  We  find  that  mouse  stem  cell  virus-based  retroviral 
vectors  are  the  most  efficient  method  of  gene  transfer  for  the  stable  integration  and  expression 
of  genetic  constructs  in  mammalian  cells.  We  also  have  significant  experience  with  these  types 
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of  vectors  (3). 


shRNA’s  targeting  the  RPTKs  have  been  constructed  in  a  vector  that  contains  a  number  of 
convenient  design  features  (Figure  1).  The  vector  is  cable  of  producing  self-inactiving  Murine 
stem  cell  virus  (MSCV)  particles  by  transfection  into  commonly  available  retroviral  packaging 
lines  (eg  Phoenix,  LinX  cells*).  The  vector  also  incorporates  a  convenient  system  for 
transferring  shRNA  expression  cassettes  to  custom-designed  or  alternative  vector  systems 
without  the  need  for  in  vitro  manipulation.  This  relies  on  a  new  method  called  Mating  Assisted 
Genetically  Integrated  Cloning,  MAGIC  designed  in  the  laboratory  of  Steve  Elledge,  Harvard 
University.  The  MAGIC  system  consists  of  a  donor  vector  in  which  the  fragment  of  interest  is 
flanked  by  two  50  bp  sequences,  termed  homology  region  1  (H1)  and  2  (H2).  Flanking  H1  and 
H2  are  sites  for  the  rare  restriction  endonuclease  l-Scel  (4).  The  donor  vector  also  includes  an 
F’  origin  and  a  conditional  origin  of  replication  (RK6).  The  recipient  vector,  which  contains 
compatible  H1  and  H2  sequences  flanking  two  l-Scel  sites  surrounding  a  negative  selectable 
marker  (pheS )  resides  in  a  bacterial  strain  that  contains  an  inducible  l-Scel  gene.  Transfer  of 
the  fragment  of  interest  into  a  recipient  vector  is  accomplished  by  bacterial  mating.  Following  F’- 
mediated  transfer  of  the  donor  vector  into  the  recipient  host,  induction  of  l-Scel  cleaves  both 
donor  and  recipient  vectors,  and  these  breaks  are  healed  by  homologous  recombination  via  the 
H1  and  H2  sequences  in  the  donor  and  recipient  plasmids.  Selection  against  the  unrecombined 
recipient  containing  pheS  and  l-Scel  sites  and  for  the  capture  of  the  appropriate  insert 
(chloramphenicol  resistance)  give  essentially  100%  recovery  of  the  desired  plasmid.  A 
Lentivirus  MAGIC  recipient  vector  based  on  the  FUW  vector  has  been  developed  (5). 

A  schematic  of  the  vector  housing  the  tyrosine  kinase  targeting  clones  is  shown  in  Figure  1. 


Figure  1.  The  revised  vector  for  the  construction  of  receptor  tyrosine  kinase  targeting  shRNAs. 
PCR  fragments  generated  from  oligos  designed  to  encode  shRNAs  were  cloned  into  the  Xhol 
and  EcoRI  sites  of  the  vector. 

In  this  new  strategy,  shRNA  encoding  PCR  products  were  directly  introduced  into  the  retroviral 
vector.  Although  this  was  fairly  straightforward,  it  was  apparent  in  pilot  experiments  that  the 
frequency  of  obtaining  successful  clones  in  this  manner  was  relatively  low.  For  this  reason  we 
adopted  a  strategy  in  which  every  clone  was  subjected  to  DNA  sequence  analysis.  This  made 
possible  the  pooling  of  PCR  fragments  prior  to  ligation  to  vector.  PCR  fragments  from  four  96 
well  plates  were  pooled,  digested  with  EcoRI  and  Xhol  and  ligated  to  vector.  Several  hundred 
clones  were  subjected  to  high  throughput  confirmatory  sequencing  carried  out  in  the  CSHL  core 
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facility.  Correct  clones  were  identified  by  sequence  analysis  and  isolated.ln  this  way  295  shRNA 
vectors  targeting  tyrosine  kinases  were  constructed.  Bacteria  harboring  each  plasmid  were 
frozen  in  glycerol  and  stored  in  an  archive.  A  sample  of  the  clones  that  were  produced  is  shown 
in  Table  2.  A  complete  list  of  clones  generated  to  this  point  are  given  in  the  appendix.  At  least 
three  clones  have  been  produced  for  most  of  tyrosine  kinases. 


GENE _ _ _ 

Homo  sapiens  EphB4  (EPHB4),  mRNA. 

Homo  sapiens  EphB4  (EPHB4),  mRNA. 

Homo  sapiens  EphB4  (EPHB4),  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES) ,  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES) ,  mRNA. 


_ TARGETED  SEQUENCE _ PLATE  WELL 

CACCTTGATGTAGGGGTTCTCCATCCAGG  172840  G2 
CGGTAGTCCTGTTCAATGGCATTG ATCAC  172840  H2 
CGTCTTGACATTCACCTTCCCGGTGGCCT  312940  C12 
AAGCCTTGGT ACTCAGCCTCAGGCTGGAT  173040  C2 
ACAGCACCGACAGCACGTACTCCTGCTTG  316140  All 
TCTCATGCCCTCCAGTAGACGAAGCTCGG  317840  E7 


Table  2.  An  example  of  information  contained  on  clones  constructed  targeting  the  tyrosine 
kinases.  Greater  than  three  oligos  were  synthesized  for  each  gene.  The  targeted  sequence 
within  each  gene  is  shown.  Plate  and  well  refer  to  a  bar-coded  plate  address  in  the  hairpin 
archive  of  each  clone. 


4.  Optimization  of  deiivery  to  breast  cancer  ceils 

The  infection  of  breast  cancer  cells  required  no  optimization.  Several  manuscripts  have 
appeared  detailing  efficient  infection  of  MCF-7  cells  with  retroviruses  (6,  7)  which  are  identical  to 
our  typical  protocols  (3).  On  the  second  day  after  the  transfection  of  packaging  cells,  the  culture 
medium  is  replaced  with  fresh  medium  and  the  cells  incubated  overnight.  The  viral  supernatants 
are  harvested  and  then  incubated  with  MCF-7  cells  in  the  presence  of  8  f^/ml  polybrene.  After 
another  overnight  incubation,  the  viral  supernatants  are  replaced  with  fresh  culture  medium  and 
cells  incubated  for  a  further  48  h. 

5.  Immediate  analysis  of  hairpins  targeting  RPTKs  with  known  breast  cancer  phenotypes 

The  archival  set  of  bacterial  shRNA  constructs  targeting  the  tyrosine  kinases  is  contained  on 
four  96  well  microplates.  Cells  from  the  entire  set  have  been  expanded  and  DNA  has  been 
prepared  for  transfection  of  each  construct  on  an  Eppendorf  DNA  Workstation. 

We  have  not  yet,  however,  progressed  to  the  actual  transfection  of  packaging  cell  lines.  As 
described  in  the  original  proposal,  we  had  hoped  to  start  this  in  year  one.  That  we  have  not 
progressed  to  this  point  is  not  due  to  an  overly  ambitious  workplan  but  rather  is  an  unfortunate 
consequence  of  the  delay  caused  by  my  relocation  to  a  new  cancer  institute  (see  Reportable 
Outcomes).  This  work  is  now  undenvay. 

Additional  results 

Year  1  funding  also  made  possible  other  developments  which  are  potentially  useful  in  future 
studies  of  the  tyrosine  kinase  targeting  constructs. 

shRNAs  can  be  used  to  produce  transgenic  animals 

We  have  shown  that  short  hairpin  RNAs  can  be  used  to  generate  transgenic  knock-out 
animals(8).  An  shRNA  construct  that  effectively  targets  the  murine  DNA  glycosylase-encoding 
Neill  gene  in  ES  cells  was  used  to  generate  transgenic  mouse  lines  (Fig  3A).  Animals  that 
carried  the  Neill -targeted  shRNA  expression  vector  all  displayed  reduced  levels  of  Neih  mRNA 
(Fig  3B)  and  contained  siRNAs  corresponding  to  a  Dicer-processed  form  of  the  shRNA  (Fig  3C). 
Consistent  with  a  role  for  Neill  In  DNA  repair,  cells  from  these  mice  exhibited  increased 
sensitivity  to  ionizing  radiation.  Together  with  our  previous  demonstration  that  plasmid-encoded 
shRNAs  could  induce  a  potent  and  specific  RNAi  response  in  adult  mice  (9),  these  studies 
indicate  that  RNAi  is  a  powerful  genetic  tool  that  could  be  incorporated  into  conventional  gene- 
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therapy  strategies.  Although  outside  the  scope  of  the  original  proposal,  this  development  allows 
for  the  direct  testing  of  tyrosine  kinase-targeting  hairpins  of  interest  in  mouse  cancer  models. 


High  throughput  microarray-based  shRNA  deiivery  for  phenotypic  screening 

One  of  the  challenges  in  functional  genomics  in  mammalian  cells  regards  the  generation  and 
phenotyping  of  large  number  of  cell  populations.  Using  microarray-based  cell  transfections,  we  have 
demonstrated  an  improved  method  for  performing  high  throughput  silencing  screens  in  mammalian 
cells  (10).  This  is  also  an  effective  method  for  identifying  effective  RNAi  triggers  for  silencing  genes 
in  mammalian  systems. 

We  tested  the  use  of  cell  microarrays  as  a  delivery  approach  for  effective  shRNAs.  The  microarray 
format  has  obvious  organizational  value  for  some  cellular  phenotypes.  In  the  experiments,  panels  of 
6  shRNAs  directed  against  a  test  gene,  MyoD,  were  arrayed  together  with  plasmids  encoding  MyoD- 
EGFP  and  the  internal  control  RFP  and  gelatin  on  glass  slides.  Cells  plated  on  top  of  these 
microarray  features  internalized  the  arrayed  plasmids  and  were  in  this  way  transfected.  Quantitation 
of  EGFP  and  the  RFP  internal  control  intensities  in  response  to  various  shRNAs  correlated  with 
values  obtained  with  conventional  transfections. 

These  results  suggest  that  the  microarray  based  cell  transfections  (“RNAi  microarrays”)  can  be  used 
in  large  scale  RNAi  screens.  Using  fiiily  automated  liquid-dispensing  and  plate  handling  robotic 
systems,  it  is  possible  to  prepare  mixtures  containing  silencing  constructs  which  then  can  be  printed 
at  densities  of  up  to  6,000  to  10,000  features  per  slide  by  modern  microarrayers.  Cellular 
phenotypes  that  can  be  assessed  microscopically,  (eg.  cell  shape,  apoptosis,  proliferation  rate)  or 
that  can  be  linked  to  a  visible  reporter  are  perfect  candidates  for  this  approach.  Although  a  potential 
application,  the  limited  scope  of  the  tyrosine  kinase  is  probably  best  executed  with  conventional 
gene  transfer  and  phenotype  analysis  methodologies. 
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Key  Research  Accomplishments 


•  Adopted  a  new  vector  and  shRNA  production  methodology 

•  Created  a  set  of  encoded  hairpins  targeted  against  each  of  the  genomic 
compiement  of  human  receptor  protein  tyrosine  kinase  genes 

•  Created  a  set  of  vectors  targeting  human  tyrosine  kinase-related  genes 

•  Development  of  reverse  transfection  for  high  throughput  gene  transfer  and  phenotype 
analysis 

•  Development  of  shRNA-based  transgenic  knock-down  mouse 
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Reportable  Outcomes 


Manuscripts: 

Carmell,  M.A.,  L.  Zhang,  D.S.  Conklin,  G.J.  Hannon,  and  T.A.  Rosenquist.  2003,  Germline 
transmission  of  RNAi  in  mice.  Nat  Struct  Biol  10:91-2 

Conklin,  D.S.,  2003.  RNA  interference-based  silencing  of  mammalian  gene  expression 
(Chembiochem.  4:1033-1039,) 

Kumar,  R.,  D.  S.  Conklin  and  V.  Mittal,  2003.  High  throughput  selection  of  effective  RNAi  probes 
for  gene  silencing.  (Genome  Res.  13:2333-40) 

Hannon,  G.  J.  and  D.  S.  Conklin-  2003,  RNAi  by  short  hairpin  RNAs  expressed  in  vertebrate 
cells.  In  mRNA  Processing  and  Metabolism:  Methods  and  Protocols,  Methods  in  Molecular 
Biology  Series,  Humana  Press 

McManus,  M.T.  and  D.  S.  Conklin-  2003,  shRNA-mediated  silencing  of  mammalian  gene 
expression.  In  RNAi:  a  guide  to  gene  silencing.  Cold  Spring  Harbor  Press 

Paddison,  PJ,  Silva,JM,  Conklin,  DS,  Schlabach,  M.,  Li,  M.,  Aruleba,  S.,  Balija,  V., 
O’Shaughnessy,  A.,  Gnoj,  L.,  Scobie,  K.,  Chang,K.,  Westbrook,!.,  Sachidanandam,  R., 
McCombie,  WR,  Elledge  SJ  and  Hannon,  GJ,  2003,  A  resource  for  large-scale  RNAi  based 
screens  in  mammals  (submitted) 


Abstracts: 


High  throughput  RNAi  in  Mammals 
Doug  Conklin 

High  throughput  mammalian  RNAi,  (invited  presentation),  IBC's  2nd  International  Conference 
on  RNAi,  Boston,  2003 

Vectors  that  direct  the  expression  of  short  hairpin  RNAs  (shRNAs)  make  possible  the  creation  of 
continuous  cell  lines  and  transgenic  animals  in  which  suppression  of  a  target  gene  is  stably 
maintained  by  RNAi.  High  throughput  methodologies,  including  perl-based  hairpin  oligo  design 
scripts,  large  scale  oligo  synthesis,  cloning  and  confirmatory  sequencing,  have  been  used  to 
produce  23,000+  sequence-verified  shRNA  constructs.  This  hairpin  library  is  carried  on  an 
MSCV-based  retroviral  vector  that  can  be  used  to  stably  express  hairpins  in  a  cell  type  of 
interest  or  to  create  transgenic  mice.  Collectively,  the  hairpins  target  approximately  10,000 
mammalian  genes  which  encode  the  majority  of  protein  classes  that  are  viewed  to  be 
accessible  to  medicinal  chemistry.  It  is  expected  that  this  resource  will  accelerate  RNAi-based 
gene  function  analysis  in  mammals. 


Mammalian  applications  of  RNAi 
Doug  Conklin 

6th  Conference  on  Protein  Expression  in  Animal  Cells 

RNA  interference  (RNAi)  is  now  established  as  a  general  method  to  silence  gene  expression  in 
a  variety  of  organisms.  Double-stranded  RNA  (dsRNA),  when  introduced  to  cells,  interferes  with 
the  expression  of  homologous  genes  disrupting  their  normal  function.  In  mammals,  transient 
delivery  of  synthetic  short  interfering  RNAs  (siRNAs),  which  resemble  the  processed  form  of 
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standard  double  stranded  RNAi  triggers,  is  effective  in  silencing  mammalian  genes.  Issues 
related  to  transfer  efficiency  and  duration  of  the  silencing  effect,  however,  restrict  the  spectrum 
of  the  applications  of  siRNAs  in  mammals.  These  shortcomings  of  siRNAs  have  been  solved  by 
the  cellular  expression  of  short  hairpin  RNAs  (shRNAs)  from  DNA  vectors.  shRNAs  are 
indistinguishable  from  siRNAs  in  terms  of  efficacy  and  mechanism  but  can  be  produced  within 
cells  from  standard  mammalian  expression  vectors.  In  this  way,  shRNA  expression  makes 
possible  the  creation  of  continuous  cell  lines  and  transgenic  animals  in  which  suppression  of  a 
target  gene  is  stably  maintained  by  RNAi.  As  a  result,  the  types  of  RNAi-based  gene  function 
analysis  that  can  be  carried  out  in  mammals  have  been  greatly  expanded. 


Presentations: 

High  throughput  RNAi  in  Mammals,  (invited  presentation),  IBC's  2nd  International  Conference 
on  RNAi,  Boston,  2003 

RNAi  in  mammalian  functional  genomics,  (invited  presentation),  RNAi  Symposium,  David 
Axelrod  Institute,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation),  O*  Annual  PEACE  Conference, 
Montreal,  2003 

Theory  and  Applications  of  RNAi,  Gordon  Research  Conference,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation),  University  of  Pennsylvania,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation).  University  of  Southern  California,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation),  Dartmouth  University,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation).  University  at  Albany,  2003 

Mammalian  applications  of  RNAi,  (invited  presentation),  Aventis  iLab  Workshop,  Wiesbaden, 
2003 

Mammalian  applications  of  RNAi,  (invited  presentation),  Drexel  University,  2002 
Mammalian  applications  of  RNAi,  (invited  presentation),  Ambion,  2002 

Development  of  cell  lines,  tissue  or  serum  repositories: 

As  was  proposed,  the  collection  of  shRNA  constructs  targeting  the  tyrosine  kinases  will 
undoubtedly  be  useful  to  many  investigators  and  will  be  made  available  as  soon  as  testing  is 
complete. 

Funding  applied  for  based  on  work  supported  by  this  award: 

Department  of  Defense  Breast  Cancer  Research  Program  BC031982 

FUNCTIONAL  GENOMIC  ANALYSIS  OF  BREAST  CANCER  CELL  TUMORIGENICITY  USING 
A  NOVEL  GENE  SILENCING  RESOURCE 

Role:  PI 
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Employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award: 


In  the  past  year  I  was  recruited  to  the  State  University  of  New  York  University  at  Albany's 
recently  established  Gen*NY*Sis  Center  for  Excellence  in  Cancer  Genomics.  This  is  a  recently 
developed  institution  that  focuses  on  the  type  of  work  proposed  in  the  present  award  and  that  I 
plan  to  pursue  in  my  career. 

This  long  term  commitment  to  cancer  genomics  and  improved  proximity  to  a  clinical  department 
(Albany  Medical  College)  was  compelling.  That  I  was  carrying  out  the  work  on  receptor  tyrosine 
kinases  and  was  funded  by  the  DOD  was  instrumental  in  my  being  offered  the  job. 
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Conclusions 


Year  1  of  funding  has  resulted  in  the  production  of  a  large  set  of  constructs  targeting  the 
tyrosine  kinases.  We  have  created  a  set  of  silencing  agents  not  only  for  the  genomic 
complement  of  receptor  tyrosine  kinases,  but  also  all  tyrosine  kinases  and  a  large  number  of 
genes  functionally  related  to  the  RPTKs.  This  is  an  excellent  start  to  our  ultimate  goal  of 
identifying  a  small  number  of  hairpins  that  have  inhibitory  effects  on  breast  cancer  progression 
in  in  vivo  models. 

Little  has  changed  with  respect  to  Year  2  Proposed  Work.  Hairpin  constructs  will  be  packaged  in 
amphotropic  retroviral  packaging  cells.  Retroviral  supernatants  will  be  used  to  infect  estrogen 
responsive  MCF-7  cells  in  six  well  dishes.  Infected  populations  will  be  monitored  for  phenotypic 
changes  related  to  tumorigenic  potential,  e.g.  cellular  morphology,  growth  arrest,  apoptosis, 
growth  in  soft  agar,  etc. 

“So  what?”  one  might  ask. 

Using  high  throughput  methodologies,  we  have  developed  a  resource  for  suppressing  gene 
expression  of  one  of  the  most  important  gene  families  in  cancer.  Although  we  are  determining 
the  effect  that  suppressing  tyrosine  kinase  gene  expression  has  on  the  tumorigenicity  of  breast 
cancer  cells,  it  is  hoped  that  the  hairpin  constructs  will  serve  as  a  resource  for  other 
investigators  studying  a  variety  of  cancers.  This  ultimately  will  add  to  our  understanding  of  the 
genes  encoding  potential  small  molecule  therapeutic  targets  in  breast  and  other  cancers.  It 
should  also  pave  the  way  for  testing  of  the  hairpins  that  we  identify  as  gene  therapeutics. 
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1 .  List  of  all  shRNA  constructs  targeting  human  tyrosine  kinases 

2.  Selected  publications  during  support  period 

Conklin,  D.S.,  2003.  RNA  interference-based  silencing  of  mammalian  gene  expression 
(Chembiochem.  4:1 033-1 039j 

Kumar,  R.,  D.  S.  Conklin  and  V.  Mittal,  2003.  High  throughput  selection  of  effective  RNAi 
probes  for  gene  silencing.  (Genome  Res.  13:2333-40^ 

McManus,  M.T.  and  D.  S.  Conklin- 2003,  shRNA-mediated  silencing  of  mammalian  gene 
expression.  In  RNAi:  a  guide  to  gene  siiencing,  Coid  Spring  Harbor  Press 
(acknowledgement  only) 

Hannon,  G.  J.  and  D.  S.  Conklin- 2003,  RNAi  by  short  hairpin  RNAs  expressed  in 
vertebrate  cells.  In  mRNA  Processing  and  Metabolism:  Methods  and  Protocols,  Methods 
in  Molecular  Biology  Series,  Humana  Press  (acknowledgement  only) 
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List  of  all  shRNA  constructs  targeting  human  tyrosine  kinases 


GENE 

Homo  sapiens  v-kit  Hardy-Zuckerman  4  feline  sarcoma  viral  oncogene 
Homo  sapiens  v>kit  Hardy-Zuckerman  4  feline  sarcoma  viral  oncogene 
Homo  sapiens  discoidin  domain  receptor  family,  member  1  (DDR1), 
Homo  sapiens  discoidin  domain  receptor  family,  member  1  (DDR1). 
Homo  sapiens  discoidin  domain  receptor  family,  member  1  (DDR1). 
Homo  sapiens  discoidin  domain  receptor  family,  member  2  (DDR2). 
Homo  sapiens  discoidin  domain  receptor  family,  member  2  (DDR2), 
Homo  sapiens  EphA2  (EPHA2),  mRNA. 

Homo  sapiens  EphA2  (EPHA2),  mRNA. 

Homo  sapiens  EphA2  (EPHA2).  mRNA. 

Homo  sapiens  EphA4  (EPHA4).  mRNA. 

Homo  sapiens  EphA4  (EPHA4).  mRNA. 

Homo  sapiens  EphA4  (EPHA4).  mRNA. 

Homo  sapiens  EphA7  (EPHA7).  mRNA. 

Homo  sapiens  EphA7  (EPHA7).  mRNA. 

Homo  sapiens  EphA7  (EPHA7).  mRNA, 

Homo  sapiens  EphA8  (EPHA8).  mRNA. 

Homo  sapiens  EphAB  (EPHA8).  mRNA. 

Homo  sapiens  EphAB  (EPHA8),  mRNA. 

Homo  sapiens  EphB1  (EPHB1),  mRNA. 

Homo  sapiens  EpbB1  (EPHBI),  mRNA 
Homo  sapiens  EpbBI  (EPHBI),  mRNA 
Homo  sapiens  EphB2  (EPHB2).  transcript  variant  1,  mRNA. 

Homo  sapiens  EphB2  (EPHB2),  transcript  variant  1,  mRNA. 

Homo  sapiens  Eph63  (EPHB3).  mRNA. 

Homo  sapiens  EphB3  (EPHB3),  mRNA. 

Homo  sapiens  EphB3  (EPHB3),  mRNA. 

Homo  sapiens  EphB4  {EPHB4),  mRNA. 

Homo  sapiens  EphB4  (EPHB4),  mRNA. 

Homo  sapiens  EphB4  (EPHB4).  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  fibroblast  growth  factor  receptor  3  (achondroplasia, 
Homo  sapiens  insulin  receptor  (INSR),  mRNA. 

Homo  sapiens  insulin  receptor  (INSR).  mRNA. 

Homo  sapiens  insulin-like  growth  factor  1  receptor  (IGF1R),  mRNA. 
Homo  sapiens  insulin-like  growth  factor  1  receptor  (IGF1R),  mRNA. 
Homo  sapiens  Janus  kinase  2  (a  protein  tyrosine  kinase)  (JAK2), 
Homo  sapiens  Janus  kinase  2  (a  protein  tyrosine  kinase)  (JAi<2), 
Homo  sapiens  Janus  kinase  3  (a  protein  tyrosine  kinase,  leukocyte) 
Homo  sapiens  Janus  kinase  3  (a  protein  tyrosine  kinase,  leukocyte) 
Homo  sapiens  Janus  kinase  3  (a  protein  tyrosine  kinase,  leukocyte) 
Homo  sapiens  muscle,  skeletal,  receptor  tyrosine  kinase  (MUSK), 
Homo  sapiens  muscle,  skeletal,  receptor  tyrosine  kinase  (MUSK), 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  2 
Homo  sapiens  PTK2  protein  tyrosine  kinase  2  (PTK2),  mRNA 
Homo  sapiens  PTK2  protein  tyrosine  kinase  2  (PTK2),  mRNA. 

Homo  sapiens  protein  tyrosine  kinase  2  beta  (PTK2B),  mRNA. 


TARGETED  SEQUENCE  PLATE  WELL 

GGAAGCCTTCCTTGATCATCTTGTAGAAC  333840  B3 

TGGACACTAGGAATGTGTAAGTGCCTCCT  316140  El  1 

GTTGCTCCATCCCACATAGTCATAGCCTG  320640  B4 

AAGCATCAGCTCATATAGGCCCTGCGGGC  353940  F7 

GGATAGTGTCCCCAGGGACAGAGAGGTGA  332940  H2 

CCTGACATGCCCAGAGGATAGCGGCATAT  333840  C6 

ACAGCTCCATCATAGACAGAATCATTCAG  313440  G6 

CCACGGTGAAGGTGTAGTTCATGTGGGGC  173040  A2 

TTGATGGACTCCAGCCACTCGGACACCGT  314940  C4 

TTGGCCAGGTACTTCATGCCAGCTGCGAT  316840  FI 

CCTTCCAGAGGGCTTGCTATCCACCCAAG  172940  F3 

ACAGGAGCCTCGAACTTCCACCAGGGAAG  173040  H7 

GCAATGGATGATGGTGCTGCTTGGTTGGT  172840  B2 

AACTGCCCCATGATGCTTGCTTCACACAA  312640  B4 

AGCTCCTTGGCGAATTGATGGACAGCTCT  172940  E5 

CTTATATTCCTGCCAGTGTCATAGTCTGT  322240  A3 

TCGATCCAGAAGGAGTAGTTCATGTGGGC  312640  E4 

CTTGCTGTAGCCACAGTGCCTCTTCTTGC  332440  H9 

ATGTACTCAGTCACAATCATTGCCAGGCG  323840  G3 

TAATAACCGGTCCGACAGGTGCAGATGGG  307840  D2 

CTGGGACATTAGGGAGGCTGCTGCAGTCT  173040  G7 

AGGAGCAGTAGTAGATAATCCAGGGCCAT  315040  E6 

GTCTGCCAGGTACTTCATGCCAGCTGCGA  332940  A6 

TCCACCTCTTCCGCATTGGCGATGCAGCT  314540  B1 1 

ACTTGAGCTCCACGTAGACCCGCTGCACA  172940  C5 

ATTGTACAGGAGGTCATCCCGGCCACCCA  351440  G6 

GCCCACCTTCAGCGTCTTGATGGCCACAA  322340  A7 

CACCTTGATGTAGGGGTTCTCCATCCAGG  172840  G2 

CGGTAGTCCTGTTCAATGGCATTGATCAC  172840  H2 

CGTCTTGACATTCACCTTCCCGGTGGCCT  312940  C12 

AAGCCTTGGTACTCAGCCTCAGGCTGGAT  173040  C2 

ACAGCACCGACAGCACGTACTCCTGCTTG  316140  A1 1 

TCTCATGCCCTCCAGTAGACGAAGCTCGG  317840  E7 

CTTGTTCTCCACGACGCAGGTGTAGTTGC  321740  G11 

CAGGATACGGGACCAGTCGATAGTGGCCA  173140  82 

TGAAGTTCACACAGCGCCAGTCCTGGAAG  173140  F7 

TCTCTCCTTGTTATCCACTCTGCTCTCAA  315340  H4 

TTAGTCCCCGTCACTTCCTCCATGCGGTA  173040  F5 

GCCTGGTTGACTCATCTATATGGAAGACA  173040  F2 

TTCTCTGTGTAGAAGGCAGACTGCAGAGT  332840  D2 

CCAGGTACTCCATGCCCTTGCAGATCTGC  173040  F6 

AGAAGAAGTGCTGGGAGTCCGTGGTCAGC  173040  B5 

GGTGTCTCTCCTCGAAGATCGTGGGGTCT  307340  G1 

AGGAACTCATTGAGGTCACCATAGGCCAT  332940  G3 

CCCAGATTCAAGAACTGCAATTCGGGAAT  307440  All 

TTGGCCAAGTTCTGAAGGAGGGTATGGAT  322140  C7 

AGAACATTCCGAGCAGCAATGTCCCTGTG  351340  B1 

CATCAGTATCTCCCACATACACACACCAA  172840  F3 

AATGCCCAGCTGAAGTACTGCCTGGCCCT  173140  C3 


Homo  sapiens  protein  tyrosine  kinase  2  beta  (PTK2B),  mRNA. 

Homo  sapiens  PTK7  protein  tyrosine  kinase  7  (PTK7),  mRNA. 

Homo  sapiens  PTK7  protein  tyrosine  kinase  7  (PTK7),  mRNA. 

Homo  sapiens  ret  protooncogene  (multiple  endocrine  neoplasia  and 
Homo  sapiens  ret  proto<incogene  (multiple  endocrine  neoplasia  and 
Homo  sapiens  tyrosine  kinase  with  Immunoglobulin  and  epidermal 
Homo  sapiens  tyrosine  kinase  with  immunoglobulin  and  epidermal 
Homo  sapiens  v-src  sarcoma  (Schmidt-Ruppin  A-2)  viral  oncogene 
Homo  sapiens  v-src  sarcoma  (Schmidt-Ruppin  A-2)  viral  oncogene 
Homo  sapiens  v-src  sarcoma  (Schmidt-Ruppin  A-2)  viral  oncogene 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  related  oncogene 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  related  oncogene 
Homo  sapiens  epidermal  growth  factor  receptor  (erythroblastic 
Homo  sapiens  epidermal  growth  factor  receptor  (erythroblastic 
Homo  sapiens  epidermal  growth  facta  recepta  (erythrobtastic 
Homo  sapiens  v-abi  Abelson  murine  leukemia  viral  oncogene  homoiog  1 
Homo  sapiens  v-abI  Abelson  murine  leukemia  viral  oncogene  homolog  1 
Homo  sapiens  v-abI  Abelson  murine  leukemia  viral  oncogene  homolog  1 
Homo  sapiens  v-abI  Abelson  murine  leukemia  viral  oncogene  homolog  2 
Homo  sapiens  v-abi  Abelson  murine  leukemia  viral  oncogene  homolog  2 
Homo  sapiens  activated  p21cdc42Hs  kinase  (ACK1),  mRNA. 

Homo  sapiens  activated  p21cdc42Hs  kinase  (ACK1),  mRNA. 

Homo  sapiens  Bruton  agammagtobuiinemia  tyrosine  kinase  (BTK),  mRNA. 
Homo  sapiens  Bruton  agammaglobulinemia  tyrosine  kinase  (BTK),  mRNA. 
Homo  sapiens  Bruton  agammaglobulinemia  tyrosine  kinase  (BTK),  mRNA. 
Homo  sapiens  fyn-related  kinase  (FRK),  mRNA. 

Homo  sapiens  FYN  oncogene  related  to  SRC,  FGR,  YES  (FYN), 

Homo  sapiens  FYN  oncogene  related  to  SRC,  FGR,  YES  (FYN), 

Homo  sapiens  O-indudble  T-cell  kinase  (ITK),  mRNA. 

Homo  sapiens  Janus  kinase  1  (a  protein  tyrosine  kinase)  (JAK1), 

Homo  sapiens  Janus  kinase  1  (a  protein  tyrosine  kinase)  (JAK1), 

Homo  sapiens  PTK6  protein  tyrosine  kinase  6  (PTK6),  mRNA. 

Homo  sapiens  PTK6  protein  tyrosine  kinase  6  (PTK6),  mRNA. 

Homo  sapiens  spleen  tyrosine  kinase  (SYK),  mRNA. 

Homo  sapiens  tyrosine  kinase  2  (TYK2),  mRNA. 

Homo  sapiens  tyrosine  kinase  2  (TYK2),  mRNA. 

Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  oncogene  homoiog  1 
Homo  sapiens  zeta-chain  (TCR)  associated  protein  kinase  (70  kD) 

Homo  sapiens  fms-related  tyrosine  kinase  1  (vascular  endothelial 
Homo  sapiens  fms-related  tyrosine  kinase  1  (vascular  endothelial 
Homo  sapiens  fms-related  tyrosine  kinase  3  (FLT3),  mRNA. 

Homo  sapiens  AXL  recepta  tyrosine  kinase  (AXL),  transcript  variant 
Homo  sapiens  EphAI  (EPHA1),  mRNA. 

Homo  sapiens  EphA3  (EPHA3),  mRNA. 

Homo  sapiens  EphA3  (EPHA3),  mRNA, 

Homo  sapiens  EphA3  (EPHA3).  mRNA. 

Horn  sapiens  wna  probM)ncogene  tyrosine  kinase  (MERTK),  mRNA. 
Homo  sapiens  oma  protCHXicogene  tyrosine  kinase  (MERTK),  mRNA. 
Homo  sapiens  recepta  tyrosine  kinase-like  orphan  recepta  1 
Homo  sapiens  recepta  tyrosine  kinase-like  orphan  recepta  1 
Homo  sapiens  recepta  tyrosine  kinase-Bke  orphan  recepta  2 
Homo  sapiens  RYK  recepta-like  tyrosine  kinase  (RYK),  mRNA, 

Homo  sapiens  RYK  recepta-like  tyrosine  kinase  (RYK),  mRNA. 


AGGTCTGCTGGATCATCTTCCGGAACTGT 

GGCCTCCTCATACCTCGCTACTACCACGT 

GTTGAGGCATTCCATCTCTGGCTCCTCGC 

TGTTCTCATGCAGCCGTGTGCGGTACGTG 

TAGTCATGTACGGTCGCCCGCACGAAGCT 

CATTGACCTTGAAGCGCCGGCTGTCTTGG 

AGAGCTGCACATCCAGCTGGTAGTGGGTG 

ACGGTGTCCGAGGAGTTGAAGCCTCCGAA 

TACCACTCCTCAGCCTGGATGGAGTCGGA 

GCCGCTGTCCAGCTTGCGGATCTTGTAGT 

GGAGCCGTCCACTTAATAGGGAACTTAGC 

AATCATCCAGGACGCTCTGTAAGTAGTCA 

ATACTCGGGGTTGCCCACTGCAGTGCTGT 

TGAGCTGCGTGATGAGTTGCACGGTGGAG 

CTTGCGGACGCCGTCTTCCTCCATCTCAT 

CATAGACCTTCTCTGGGCAGCCTTCTGGG 

ACTTCTTCCACAGGTGGGGAGACCGGAAG 

AAGGCCGAGGATGCTGATGGCAACGTGGA 

TCCCCAGAGGGTGTTCTGAGAGGAAGAGC 

AACAGATGACGAGGAGGCGGCTCTCCCAA 

GGTGCCAGCTCTGTCACCATCTTCATGGG 

CATCCTCATCCTGGGCCACGTCGTCATAG 

TTGGCTGTCTGAGAGCAGCAGAGATACTG 

TAGTTAATGAGCTCAGGGATGGTGCTGAA 

CATACAACTGCACCAGCTTCTCATGGGAA 

GTCCTCAGCAGTCCGAGCCTGGTAATCAA 

ATAGCGGTACCCAGAGCTCTGGTTCAGGC 

TGGTGACCAGCTCTGTGAGTAAGATTCCA 

CAGGTAGGCCATGCCCTCACACACATCCA 

AACTGCATCTTCTTCATCATGGCATAGTG 

TCGGTGCAGCTCCACCTCAGCACGTACAT 

TGGATGTAATTCTGCGACTCCAGGTAACA 

TCCACTTGTAGGGGATATTGTGGTCATGG 

CTCTCCTCCAAGTACTTCATGCCCATGGA 

CTTGACCAGCCTGTCGTTGTCCAGCAGCA 

TGGGTATGAGGTTCTCGAAGGTTGGGCGA 

GCCATATCAACCAGCTGTGGAAGCTTCAA 

GATCCTCCCACTTGTAGATCCAGCAGTCA 

TCCTGTGAGAAGCAGACAGCTGAGCAGCG 

TCTGGAAGACAGGAACTCCATGCCTCTGG 

CCCAGGTGAGCCCGAATCCATGGTTCACA 

ACCCCGAAGGACCACACATCGCTCTTGCT 

TGGCCCATGATAGTTGCCTCTCGAAGGAA 

TGTATGTGGGTCAACATAAGTCCTGAGAC 

CTGGGAGTCCATGGGTACCGTGTCTGGAA 

GCTACTGATGATCTTCTTCTGTGGCCCAA 

TTGTCCAACTTCATGGTCTTCACTGCCAC 

TCATCGGGCAATGAGCTTCCCAAGGGCAG 

CCAGGAGGTATTGGGTATCCATTGATGGG 

TCCTGATTGGATCCTGATGAGGGCAAGCT 

CCCCAGCAGCTTGTAGTAATCGGCGGCAT 

GCTGGCACTAATGCTGTCATCCAGTTCAA 

TCTGTGATGAAGACCTCGCAGCTTACAAC 
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Homo  sapiens  TEK  tyrosine  kinase,  endothelial  (venous 
Homo  sapiens  TEK  tyrosine  kinase,  endothelial  (venous 
Homo  sapiens  TYR03  protein  tyrosine  kinase  (TYR03),  mRNA, 
Homo  sapiens  TYROS  protein  tyrosine  kinase  (TYROS),  mRNA. 
Homo  sapiens  TYROS  protein  tyrosine  kinase  (TYROS),  mRNA. 
Homo  sapiens  v>erb4)2  erythroblastic  leukemia  viral  oncogene 
Homo  sapiens  v-erb4)2  erythroblastic  leukemia  viral  oncogene 
Homo  sapiens  v-erb>b2  erythroblastic  leukemia  viral  oncogene 
Homo  sapiens  fibroblast  growth  factor  receptor  1  (fms-reldted 
Homo  sapiens  fibroblast  growth  factor  receptor  4  (FGFR4), 

Homo  sapiens  fibroblast  growth  factor  receptor  4  (FGFR4), 

Homo  sapiens  fibroblast  growth  factor  receptor  4  (FGFR4), 

Homo  sapiens  colony  stimulating  factor  1  receptor,  formerly 
Homo  sapiens  ptatelet-derived  growth  factor  receptor,  beta 
Homo  sapiens  platelet-derived  growth  factor  receptor,  beta 
Homo  sapiens  v-ros  UR2  sarcoma  virus  oncogene  homolog  1  (avian) 
Homo  sapiens  TXK  tyrosine  kinase  (TXK),  mRNA. 

Homo  sapiens  TXK  tyrosine  kinase  (TXK),  mRNA. 

Homo  sapiens  BMX  non-receptor  tyrosine  kinase  (BMX),  mRNA. 
Homo  sapiens  BMX  non-receptor  tyrosine  kinase  (BMX),  mRNA. 
Homo  sapiens  BMX  non-receptor  tyrosine  kinase  (BMX),  mRNA. 
Homo  sapiens  far  (fps/fes  related)  tyrosine  kinase  (phosphoprotein 
Homo  sapiens  far  (fps/fes  related)  tyrosine  kinase  (phosphoprotein 
Homo  sapiens  far  (fps/fes  related)  tyrosine  kinase  (phosphoprotein 
Homo  sapiens  B  lymphoid  tyrosine  kinase  (BLK),  mRNA. 

Homo  sapiens  B  lymphoid  tyrosine  kinase  (BLK),  mRNA. 

Homo  sapiens  anaplastic  lymphoma  kinase  (Ki-1)  (ALK),  mRNA. 
Homo  sapiens  platelet-derived  growth  factor  receptor,  alpha 
Homo  sapiens  platelet-derived  growth  factor  recepta,  alpha 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  S 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  S 
Homo  sapiens  KiAA1079  protein  (KIAA1079),  mRN/L 
Homo  sapiens  KIAA1079  protein  (KIAA1079).  mRNA. 

Homo  sapiens  tyrosine  kinase,  non-receptor,  1  (TNK1).  mRNA. 

Homo  sapiens  tyrosine  kinase,  non-receptor,  1  (TNK1),  mRNA. 

Homo  sapiens  EphB6  (EPHB6),  mRNA. 

Homo  sapiens  EphB6  (EPHB6).  mRNA. 

Homo  sapiens  similar  to  Ephrin  type-A  receptor  5  precursor 
Homo  sapiens  insulin  receptor-related  receptor  (INSRR),  mRNA. 
Homo  sapiens  insuSn  receptor-reldted  receptor  (INSRR),  mRNA. 
Homo  sapiens  ribosomal  protein  S4,  Y-linked  (RPS4Y),  mRNA. 

Homo  sapiens  colony  stimulating  factor  1  receptor,  formerly 
Homo  sapiens  colony  stimulating  factor  1  receptor,  formerly 
Homo  sapiens  RYK  receptor-fike  tyrosine  kinase  (RYK),  mRNA. 
Homo  sapiens  RYK  receptor-like  tyrosine  kinase  (RYK),  mRNA. 
Homo  sapiens  IL2-inducibte  T-ceil  kinase  (ITK),  mRNA. 

Honw  sapiens  IL2-inducible  T-ce!l  kinase  (ITK),  nuRNA. 

Homo  sapiens  PTK6  protein  tyrosine  kinase  6  {PTK6),  mRNA. 

Homo  sapiens  PTK6  protein  tyrosine  kinase  6  (PTK6),  mRNA. 

Homo  sapiens  TYROS  protein  tyrosine  kinase  (TYROS),  mRNA. 
Homo  sapiens  TYROS  protein  tyrosine  kinase  (TYROS),  mRNA. 
Homo  sapiens  EphAS  (EPHA8).  mRNA. 

Homo  sapiens  EphAI  (EPHA1),  mRNA. 


CCAGCCACTGTGTTCACACTGCAGACCCA 

ATCCATCCGTAACCCATCCTTCTTGATGC 

ACCGGATCAGGGTCTGGAGGGGTAGGTTA 

CACAGTGGGCTCCTCAGCTCTCTCGATGT 

AAGGAGCCATCCTCTTGCTTCAGCTGGGC 

ACAGGAGTGGGTGCAGTTGATGGGGCAAG 

CTGCTGCCGTCGCTTGATGAGGATCCCAA 

CATTGTCTAGCACGGCCAGGGCATAGTTG 

TCTTCCAGGGCTTCCAGAACGGTCAACCA 

AGACCACACGTCACTCTGGTGTGTGTACA 

AAGACAGAATCGCTGGAGGAGCAGGTGCT 

AGGATGATGTCCGTATACCTGGCCTCGGG 

TAGCAAGCTTGGGCTCAGGCTGGTGGTCA 

CACAGAGACGTTGATGGATGACACCTGGA 

ATGATCTCATAGATCTCGTCGGAGGCATG 

GAGGTTAACATTCAATGGAGCCTTCCAAT 

GAGACGAGTCATGAGACCGGCTGCATTGT 

GAGGGCGATATAGCCTGAAGCCTTCAGAA 

ACACCTCTGGAGCTGACCACTTGACTGGA 

TAGACTGGTACTTGAAGATGGTGGCTGGG 

GATCATGCCTGCTGAATTGTGTTGATGAT 

TGCCCTCGAATCGATACATGTTATCAACA 

GCCAGAAGATGAATACACTCCACCATCCT 

TGCACCATGGTACCAGTCCTGTTCTGCCA 

TTCTCTTCCTGTGACGAGTGACCTGGCCA 

ATTCACTGTCGATGATTCGAGCCAAGCCA 

AAGATCTGGAAGAGAAGGCGGGGCTGGGA 

TGTGGCCCCAGGTGAGTCATTATCTTCAG 

GTCTCGTCCTCTCTCTTGATGAAGGTGGA 

CATAGTCCAGCCAGACGCTTCCCAGCAAG 

GGCGTTCCCATTGCTGTTCCCTGAATCCT 

AATTCTGGAGCAGTCCATCGCAGAGGGAA 

TGGCAATGTTGACGGGAGAGAAGGCTTGG 

CTATGCTTCCTGGGTGTTGATCTCCCCGG 

ACCAGCCCGAAGTCAGCCACCTTGATGGT 

AGGCTGAGCTGAGCCACATCACTGAAGGT 

AGGAGCAGCACCCATAGGCTACACACCAT 

GCCATTCACCTACTGATCTGTAGGCCCCA 

GAAGTAGAGGTGGCGGCAAGCTACACAGG 

AAGCTACACAGGCACGAGGGTCTTCTGGC 

CCAATCACCATACACAAATTGCCTGTATC 

ACACGACCACCTCCTGTGCTAGCACGTTC 

GTTCTTATAGTCGACGCCTCCCTCGGGGT 

TGAAGTGTGTCATCAATGACACAGTTCCT 

CACTTCTCAAGTCGTTCTTCTCTATCCGC 

CAGCCAGTTGACGCAGCAGTCTGGAGAAG 

ACCAGATAACTGCTTGGTACATATCCTTC 

TGAGCTCCGTGATGATGTACACGGGGTCC 

AAGGCCTCATGGTTGGACATGCCTGGGTA 

ATTGGCACAGCGCACCCTGAGGCTGTAGT 

CTCCACACTGCAGTTGAGCTTCACCGGCT 

GCAGGGCACTTCTTATAGTAGATGCGGAG 

CTGGCTGTGGTGAAGATCCGATGGGCAAT 
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Homo  sapiens  EphA1  (EPHAI),  mRNA. 

Homo  sapiens  EphA2  (EPHA2).  mRNA. 

Homo  sapiens  EphA2  (EPHA2),  mRNA. 

Homo  sapiens  Eph  A3  (EPHA3),  mRNA 
Homo  sapiens  EphA3  (EPHA3),  mRNA. 

Homo  sapiens  EphA3  (EPHA3),  mRNA 

Homo  sapiens  insulin-like  growth  fector  1  receptor  (IGF1R),  mRNA. 

Homo  sapiens  insulin-like  growth  factor  1  receptor  (IGF1R).  mRNA. 

Homo  sapiens  insulin-like  growth  factor  1  receptor  (IGFIR),  mRNA. 

Homo  sapiens  PTK7  protein  tyrosine  kinase  7  (PTK7),  mRNA. 

Homo  sapiens  PTK7  protein  tyrosine  kinase  7  (PTK7),  mRNA 

Homo  sapiens  PTK7  protein  tyrosine  kinase  7  (PTK7),  mRNA 

Homo  sapiens  EphA7  (EPHA7),  mRNA 

Homo  sapiens  EphA7  (EPHA7),  mRNA 

Homo  sapiens  EphA7  (EPHA7).  mRNA 

Homo  sapiens  v-erb-a  erythroblastic  leukemia  viral  oncogene  homolog 

Homo  sapiens  epidermal  growth  factor  receptor  (erythroblastic 

Homo  sapiens  epidermal  growth  factor  receptor  (erythroblastic 

Homo  sapiens  epidermal  growth  factor  receptor  (erythroblastic 

Homo  sapiens  Janus  kinase  1  (a  protein  tyrosine  kinase)  (JAK1), 

Homo  sapiens  Janus  kinase  1  (a  protein  tyrosine  kinase)  (JAK1), 

Homo  sapiens  EphBI  (EPHB1),  mRNA. 

Homo  sapiens  EphBI  (EPHBI),  mRNA. 

Homo  sapiens  muscle,  skeletal,  receptor  tyrosine  kinase  (MUSK). 

Homo  sapiens  muscle,  skeletal,  receptor  tyrosine  kinase  (MUSK). 

Homo  sapiens  musde,  skeletal,  receptor  tyrosine  kinase  (MUSK), 

Homo  sapiens  platelet-derived  growth  factor  receptor,  alpha 
Homo  sapiens  platelet-derived  growth  factor  receptor,  alpha 
Homo  sapiens  v-abi  Abelson  murine  leukemia  viral  oncogene  homolog  1 
Homo  sapiens  v-abI  Abelson  murine  leukemia  viral  oncogene  homolog  1 
Homo  sapiens  zeta-chain  (TCR)  associated  protein  kinase  (70  kD) 

Homo  sapiens  zeta-chain  (TCR)  associated  protein  kinase  (70  kD) 

Homo  sapiens  zeta-chain  (TCR)  associated  protein  kinase  (70  kD) 

Homo  sapiens  EphB3  (EPHB3).  mRNA 

Homo  sapiens  EphB3  (EPHB3),  mRNA 

Homo  sapiens  v-abI  Abelson  murine  leukemia  viral  oncogene  homolog  2 

Homo  sapiens  TEK  tyrosine  kinase,  endothelial  (venous 

Homo  sapiens  TEK  tyrosine  kinase,  endothelial  (venous 

Homo  sapiens  EphB4  (EPHB4).  mRNA 

Homo  sapiens  far  (fps/fes  related)  tyrosine  kinase  (phosphoprotein 

Homo  sapiens  far  (fps/fas  related)  tyrosine  kinase  (phosphoprotein 

Homo  sapiens  for  {fipslf&s  related)  tyrosine  kinase  (phosphoprotein 

Homo  sapiens  protein  tyrosine  kinase  2  b^  (PTK2B),  mRNA. 

Homo  sapiens  EphA4  (EPHA4),  mRNA 

Homo  sapiens  EphA4  (EPHA4),  mRNA 

Homo  sapiens  tec  protein  tyrosine  kinase  (TEC).  mRNA 

Homo  sapiens  tec  protein  tyrosine  kinase  (TEC),  mRNA 

Homo  sapiens  tec  protein  tyrosine  kinase  (TEC),  mRNA 

Homo  sapiens  fibroblast  growth  Mor  receptor  2 

Homo  sapiens  Bruton  aganvnaglobulinemia  tyrosine  kinase  (BTK).  mRNA 

Homo  sapiens  Bruton  agammaglobulinemia  tyrosine  kinase  (BTK),  mRNA 

Homo  sapiens  Bruton  agammagloburinemia  tyrosine  kinase  (BTK).  mRNA 

Homo  sapiens  Gardner-Rasheed  feline  sarcoma  viral  (v-tigr)  oncogene 


CAGCTCCAGCACACACTCCATGGTGTCCA 

ATGCTGACGATGTCAGCGAACTTGGGGCG 

CTTCAGCATGCCCTTGTACACCTCCCCAA 

CACACTTCATATTACCATCCAATGCCTTG 

CTCGTAGAGTGAACTTGAGCTCCACATAA 

AGCAGCTTCTGGGTCATCCTCCAGGACAC 

CACTCTTGGCCCCACGGATATGGTCGTTC 

GCAGCAAGTACTCGGTAATGACCGTGAGC 

CACCCTTGGCAACTCCTTCATAGACCATC 

ATGCAGCGGTAGATCCCTGCATTGCGTGG 

AGATGTGCATCCTGGGTCCCAGCTTGGTG 

AAGACAATGGCTGTCTGGGTACCGCCCAG 

GCTTACACAATATTCTGTAGGTCACATCG 

ATCCAGAAGAGGGCTTATTGGCCTACTAC 

AATAGTCATCCTGGCTACTGATTCAAGGG 

GGCAGCCATGGGGCATAAGTTGAGTAACC 

TCTCTTAATTCCTTGATAGCGACGGGAAT 

TTCTGGAAGTCCATCGACATGTTGCTGAG 

ATTCCCTGCCTCGGCTGACATTCCGGCAA 

TCAGCAGCCACACTCAGGTTCTTGGAGTC 

AGAGGAGAGATACGGCATGCCTGTGCAGC 

ATAGCCAGGCTTGCAGGTGCATCGCCCAA 

TGGAGACTCCATTGATGGCCTGGATGTCA 

ACCAGTGGAATGTTGACGAGCTCTCTCAT 

CCCACACCATTGTTGGCCGTGCAGCAGTA 

TCTGCTGAGTAGATGTTCCTGGAGAGGCC 

CGAATCATGCATGATGTCTCTGGCCAGGC 

GATTCTCCACAATCTCACTCAGGTGGTAA 

TTACTGTGCCTCGGGTCACCTGGTCAGAC 

AAGAAGCTGCCATTGATCCCGCTGCTCAG 

TAGAACTCGCAGAGCTCTGCCGGTCCACA 

TATCCATCTGAGTTGAGGGTGTCGATTCG 

TATCGCGCTTCAGGAAGAGCTTCTTGTCC 

CTTCATCTCGTAGTCCAGGATGACTCCGT 

ATGTCCACGCCAACTCAGATGTTACCCAT 

TTCTCTTCTTCATGAAGGAGCTGAAGAAG 

TCATCATCACAGTTCAGGGGCTTCTCCAG 

TTCTTGCCTTGAACCTTGTAACGGATAGT 

GATCGGAAGAGTTCTCCTCCAGGAATCGG 

GCCTCTATCTGCTGATGAACACCTATGTA 

CCATAGATGTAACTGATCGTGCATCTTCT 

GCCAAGACTTGGATACGTTGCTGACATAA 

GTTCTTGTTCCGCTCCAGGTAGTGGCCCA 

CACCGGATAGGAATCTTGCCACCCCTGGT 

GTATACCCTGGAACCTGTGACAGCGTCGC 

CAACACTGATAACTTCCATCTGTCCAGAA 

ACACATGCTCAGCAGTACGTCTCTACTGA 

TCAACTAGTTCATCTATTGTGCGCAGCAG 

TCCAAGTATTCCTCATTGGTTGTGAGAGT 

TCAAGATCTGGTCCTCCTCAGGCGTTGGG 

GGTAGTTCAGGAGGCAGCCATTGGCCATG 

CTTCTTACTGCCTCTTCTCCCACGTTCAA 

ACCAGTCACCTTCAGTATTGTTCAGGATG 
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Homo  sapiens  Gardher-Rasheed  feline  sarcoma  viral  (v-fgr)  oncogene 
Homo  sapiens  Gardner-Rasheed  feline  sarcoma  viral  (v<fgr)  oncogene 
Homo  sapiens  AXL  receptor  tyrosine  kinase  (AXL).  transcript  variant 
Homo  sapiens  AXL  receptor  tyrosine  kinase  (AXL),  transcript  variant 
Homo  sapiens  v-kit  Hardy-Zuckerman  4  feline  sarcoma  viral  oncogene 
Homo  sapiens  fibroblast  growth  fector  receptor  3  (achondroplasia, 
Homo  sapiens  fibroblast  growth  factor  receptor  3  (achondroplasia, 
Homo  sapiens  fibroblast  growth  factor  receptor  3  (achondroplasia. 
Homo  sapiens  Janus  kinase  3  (a  protein  tyrosine  kinase,  leukocyte) 
Homo  sapiens  Janus  kinase  3  (a  protein  tyrosine  kinase,  leukocyte) 
Homo  sapiens  insulin  receptor-related  receptor  (INSRR),  mRNA. 

Homo  sapiens  insulin  receptor-related  receptor  (INSRR),  mRNA. 

Homo  sapiens  insulin  receptor-related  receptor  (INSRR),  mRNA. 

Homo  sapiens  insulin  receptor  (INSR),  mRNA. 

Homo  sapiens  insulin  receptor  (iNSR),  mRNA. 

Homo  sapiens  tyrosine  kinase  with  immunoglobulin  and  epidermal 
Homo  sapiens  tyrosine  kinase  with  immunoglobulin  and  epidermal 
Homo  sapiens  tyrosine  kinase  with  immunoglobulin  and  epidermal 
Homo  sapiens  v-src  sarcoma  (Schmidt-Ruppin  A-2)  viral  oncogene 
Homo  s^ens  v-erb-b2  erythroblastic  leukemia  viral  oncogene 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  related  oncogene 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  related  oncogene 
Homo  sapiens  c-src  tyrosine  kinase  (CSK),  mRNA. 

Homo  sapiens  c-src  tyrosine  kinase  (CSK),  mRNA. 

Homo  sapiens  leukocyte  tyrosine  kinase  (LTK),  mRNA. 

Homo  sapiens  leukocyte  tyrosine  kinase  (LTK),  mRNA. 

Homo  sapiens  leukocyte  tyrosine  kinase  (LTK),  mRNA. 

Homo  sapiens  activated  p21cdc42Hs  kinase  (ACK1),  mRNA. 

Homo  sapiens  Janus  kinase  2  (a  protein  tyrosine  kinase)  (JAK2), 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  oncogene  homoiog  1 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  oncogene  homolog  1 
Homo  sapiens  v-yes-1  Yamaguchi  sarcoma  viral  oncogene  homoiog  1 
Homo  sapiens  receptor  tyrosine  kinase-like  orphan  receptor  1 
Homo  sapiens  receptor  tyrosine  kinase-Nke  orphan  receptor  1 
Homo  sapiens  KIAA1079  protein  (KIAA1079),  mRNA. 

Homo  sapiens  KIAA1079  protein  (KIAA1079),  mRNA. 

Homo  sapiens  fibroblast  growth  factor  receptor  4  (FGFR4), 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  feline  sarcoma  oncogene  (FES),  mRNA. 

Homo  sapiens  receptor  tyrosine  kinase-like  orphan  receptor  2 
Homo  sapiens  receptor  tyrosine  kinase-like  orphan  receptor  2 
Honw  sapiens  fms-related  tyrosine  kinase  4  (FLT4),  mRNA. 

Homo  sapiens  similar  to  Ephrin  type-A  receptor  5  precursor 
Homo  sapiens  similar  to  Ephrin  type-A  receptor  5  precursor 
Homo  sapiens  similar  to  Ephrin  type-A  receptor  5  precursor 
Homo  sapiens  tyrosine  kinase  2  (TYK2),  mRNA. 

Homo  sapiens  tyrosine  kinase  2  (TYK2),  mRNA. 

Hottw  sapiens  tyrosine  kinase  2  (TYK2),  mRNA. 

Homo  sapiens  fms-related  tyrosine  kinase  3  (FLT3),  mRNA. 

Homo  sapiens  fms-related  tyrosine  kinase  3  (FLT3),  mRNA. 

Homo  sapiens  fms-related  tyrosine  kinase  3  (FLT3),  mRNA. 

Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  2 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  2 
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Homo  sapiens  v-ros  UR2  sarcoma  virus  oncogene  homolog  1  (avian) 
Homo  sapiens  v-ros  UR2  sarcoma  virus  oncogene  homolog  1  (avian) 
Homo  sapiens  v-erb-b2  erythrobtastic  leukemia  viral  oncogene 
Homo  sapiens  v-efb-b2  erythroblastic  leukemia  viral  oncogene 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  3 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  3 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  3 
Homo  sapiens  6MX  non-receptor  tyrosine  kinase  (BMX).  mRNA. 

Homo  sapiens  BMX  non-receptor  tyrosine  kinase  (B^4X),  mRNA. 

Homo  sapiens  hemopoietic  cell  kinase  (HCK),  mRNA 
Homo  sapiens  hemopoietic  cell  kinase  (HCK),  mRNA. 

Homo  sapiens  hemopoietic  cell  kinase  (HCK),  mRNA. 

Homo  sapiens  discoidin  domain  receptor  family,  member  2  (DDR2), 
Homo  sapiens  discoidin  domain  receptor  femily,  member  2  (ODR2). 
Homo  sapiens  discoidin  domain  receptor  family,  member  2  (DDR2), 
Homo  sapiens  met  proto-oncogene  (hepatocyte  growth  factor  receptor) 
Homo  sapiens  fyn-relaled  kinase  (FRK),  mRNA. 

Homo  sapiens  fyn-related  kinase  (FRK),  mRNA. 

Homo  sapiens  c-mer  proto-oncogene  tyrosine  kinase  (MERTK),  mRNA. 
Homo  sapiens  c-mer  protoKWCogene  tyrosine  kinase  (MERTK),  mRNA. 
Homo  sapiens  c-mer  proto-oncogene  tyrosine  kinase  (MERTK),  mRNA. 
Homo  sapiens  PTK2  protein  tyrosine  kinase  2  (PTK2),  mRNA. 

Homo  sapiens  PTK2  protein  tyrosine  kinase  2  (PTK2),  mRNA. 

Homo  sapiens  TXK  tyrosine  kinase  (TXK),  mRNA 
Homo  sapiens  macrophage  stimulating  1  receptor  (c-met-related 
Homo  sapiens  macrophage  stimulating  1  receptor  (c-met-related 
Homo  sapiens  Ims-related  tyrosine  kinase  1  (vascular  endothelial 
Homo  sapiens  fms-related  tyrosine  kinase  1  (vascular  endothelial 
Homo  sapiens  spleen  tyrosine  kinase  (SYK),  mRNA 
Homo  sapiens  spleen  tyrosine  kinase  (SYK),  mRNA 
Homo  sapiens  platelet-derived  growth  factor  receptor,  beta 
Homo  sapiens  neurotrophic  tyrosine  kinase,  receptor,  type  1 
Homo  sapiens  melanoma  antigen,  family  A  9  {MAGEA9),  mRNA 
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RNA-fnterference-Based  Silencing  of  Mammalian 
Gene  Expression 

Douglas  S.  Conklin*^^’ 


1.  Introduction 

In  the  five  years  since  its  initial  description,  RNA  interference 
(RNAi)  has  become  a  remarkably  powerful  method  for  the 
suppression  of  gene  expression  in  a  variety  of  organisms.  As  a 
technique  that  only  requires  short  stretches  of  sequence 
information  to  generate  loss-of-function  alleles  for  any  gene,  It 
holds  enormous  promise  in  the  functional  analysis  of  genes 
found  in  the  recently  completed  genome  sequences.  It  has 
already  become  a  standard  tool  in  those  organisms  in  which 
traditional  gene-knockout  analysis  is  not  feasible.  In  mammals,  in 
which  traditional  gene  knockouts  are  labor-intensive,  the  advent 
of  RNAi  has  generated  a  great  deal  of  excitement  in  its 
application  to  drug-target  identification  and  in  its  development 
as  a  potential  therapeutic. 

RNAi  was  first  described  as  a  startling  phenomenon  in  which 
exogenously  supplied  doubled-stranded  RNA  (dsRNA)  had 
potent  and  specific  effects  in  reducing  the  expression  of 
homologous  endogenous  genes.^^^  Although  it  was  immediately 
put  to  work  as  a  genetic  tool,  several  groups  set  out  to  uncover 
the  novel  molecular  mechanism  behind  the  phenomenon.  The 
results  of  these  studies,  which  include  genetic  evidence  from 
Celegans  and  biochemical  evidence  from  a  number  of  sys¬ 
tems,®  have  provided  a  model  in  which  RNAi  occurs  through  a 
two-step  mechanism  (Figure  1).  In  the  first  step,  a  sequence- 


Flgure  t  Cellular  roles  of  the  RNA-interference  (RNAi)  machmery.  In  addition  to 
processing  exogenous  dsRNA  the  RNAi  machinery  is  involved  in  the  processing  of 
other  double-stranded  RNA  (dsRNA)  species  shown.  Exogenous  dsRNA  and 
transgene-derived  RNAs  are  processed  into  small  interfering  RNAs  (siRNAs),  which 
silence  mRNA  by  degradation.  In  the  case  of  the  microRNA  (miRNA)  precursors, 
cognate  targets  are  silenced  by  translational  repression.  The  detailed  mechanisms 
oftransposon  and  chromatin  silencing  are  unknown  at  present  but  involve 
transcription  of  repeat  structures  as  an  early  step. 


specific  silencing  factor  composed  of  a  21 -25-nucleotide  (nt) 
short  dsRNA  is  produced  from  the  longer  input  dsRNA.^^'  Short 
dsRNAs  of  this  size  were  originally  isolated  from  Arabidopsis 
plants  undergoing  posttranscriptional  silencing  and  were  found 
to  be  complementary  to  both  strands  of  the  silenced  gene.^^'®^ 
That  similar  short  dsRNAs  were  also  involved  in  RNAI  was 
confirmed  when,  after  isolation  from  cells  undergoing  silencing, 
they  were  sufficient  to  suppress  gene  expression  In  Drosophila 
S2  cells.^'®^  Since  they  appear  to  be  a  requisite  component  and 
are  sufficient  to  trigger  RNA  interference,  these  small  RNAs  have 
been  termed  short  interfering  RNAs  (sIRNAs). 

The  structure  of  siRNAs  gave  clues  to  the  mechanism  by  which 
they  were  produced.  Sequence  analysis  indicated  that  the 
siRNAs  contained  two  nucleotide  3'-overhangs.®  This  structure 
suggested  that  the  dsRNA  was  converted  into  siRNAs  by  an 
Rnase  III  family  nuclease.  Such  an  enzyme  was  first  identified  in 
Drosophila  cells  and  subsequently  found  to  exist  in  a  number  of 
eukaryotes  capable  of  RNAi.  In  keeping  with  Its  function  It  was 
named  Dicer.**®^  Structurally,  Dicer  enzymes  contain  an  amino- 
terminal  DExH/DEAH  RNA  helicase  domain,  tandemly  repeated 
RNaselll  catalytic  domains,  and  a  carboxy-terminal  dsRNA- 
binding  domaln.^^^'  ®  They  also  contain  a  piwhargonaute-zwille 
(PAZ)  domain,  which  is  specific  to  proteins  involved  in  the  RNAi 
pathway. 

The  second  step  of  the  RNAi  mechanism  was  elucidated 
largely  on  the  basis  of  biochemical  evidence  obtained  In 
Drosophila  cells.^®-  ^^"^^^This  work  established  that  siRNA  products 
of  Dicer  were  Incorporated  into  a  multicomponent  nuclease 
complex,  termed  RISC  (RNA-induced  silencing  complex).  This 
complex  uses  the  sequence  information  contained  within  the 
siRNA  as  a  specificity  determinant  in  the  Identification  and 
nucleolytic  destruction  within  the  region  of  homology  of 
cognate  mRNAs.  Although  the  mechanism  of  this  complex  is 
still  poorly  understood,  a  number  of  its  conserved  protein 
components  are  now  known.  These  include  homolog ues  of  the 
Argonaute  protein  of  Arabidopsis^^^  the  fragile  X  mental- 
retardation  protein  and  the  Vasa  Intronic  gene  (VIG)  protein.*® 
Each  of  these  has  been  implicated  in  some  form  of  posttran- 
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scriptional  gene  regulation;  however,  their  rotes  within  RISC  are 
unknown.  In  general,  the  study  of  RISC  is  difficult  A  number  of 
argonaute  gene  family  members  are  found  in  most  species, 
which  raises  the  possibility  that  different  types  of  RISC  com¬ 
plexes  may  exist  within  a  cell,  and  the  complex  appears  to  play  a 
part  in  multiple  cellular  processes  (Figure  1).^’®^ 

That  dsRNA-Induced  silencing  phenomena  exist  In  a  variety  of 
evolutionarily  diverse  organisms'”'  suggested  that  the  com¬ 
ponents  of  this  system  played  a  basic  role  in  cellular  biology. 
Since  double-stranded  RNA  viruses  and  mobile  genetic  elements 
have  the  potential  to  form  dsRNA  structures  and  are  virtually 
ubiquitous,  it  was  thought  that  the  RNAi  pathway  may  have 
evolved  early  In  eukaryotes  as  a  cell-based  immunity  against 
genetic  parasites  such  as  viruses  and  transposabie  elements.  In 
this  light,  the  dsRNA-dependent  silencing  of  transgenes  in  plants 
and  endogenous  genes  in  C  elegans  were  viewed  as  reprog¬ 
rammed  antiviral  responses.  It  Is  now  clear  that  this  is  only  part 
of  the  story.  The  RNAi  pathway  is  a  central  player  in  a  variety  of 
cellular  processes  related  to  the  regulation  of  gene  expression 
(Figure  1). 

Endogenous  small  hairpin-shaped  RNAs,  which  contain  re¬ 
gions  of  dsRNA  that  are  processed  by  the  RNAi  pathway,  are  now 
believed  to  be  ubiquitous  regulators  of  gene  expression.  The 
first  examples  of  these,  the  C  elegans  //n-4  and  let-7  RNAs,  were 
dubbed  small  temporal  RNAs  (stRNAs)  owing  to  their  rote  in  the 
timing  of  developmental  events.'^^'  Transcribed  as  short 
(~70nt)  hairpins,  these  RNAs  are  processed  into  a  21-22-nt 
mature  form  by  the  first  step  in  the  RNAi  pathway  and 
subsequently  guide  RISC  complexes  to  the  3'  untranslated 
region  (UTR)  of  target  mRNAs  through  imperfect  base-pairing 
interactions.'^^”'  In  the  case  of //n-4  and  let-Z  expression  of  the 
targeted  genes  is  inhibited  at  the  level  of  protein  synthesis,  not 
mRNA  destruction.  This  is  now  believed  to  be  a  common 
regulatory  mechanism  in  eukaryotes,  since  hundreds  of  short 
hairpins  collectively  termed  microRNAs  (miRNAs)  have  been 
identified  In  C.  elegans,  Drosophila,  mice,  and  humans.'”"”' 

The  RNAi  machinery  has  also  been  shown  to  be  Involved  in 
gene  silencing  that  occurs  In  heterochromatin.'”'  The  large 
number  of  repeats  and  transposons  found  in  eukaryotic 
genomes  are  frequently  associated  with  centromeres  within 
large  regions  of  silent  chromatin.  In  Schizosaccharomyces  pombe, 
deletion  of  the  genes  encoding  Argonaute,  Dicer,  or  RNA- 
dependent  RNA  polymerase,  which  is  responsible  for  the 
amplification  of  dsRNA  in  some  species,'”*”'  abrogated  the 
normal  silencing  of  reporter  constructs  integrated  within  regions 
of  centromeric  heterochromatin.  Deletion  of  these  genes  also 
impaired  centromere  function.'®^  The  precise  mechanism  of  this 
process  is  a  mystery.  dsRNA  transcribed  from  repeated  sequen¬ 
ces  at  the  centromeres  is  processed  by  the  RNAi  machinery  and 
in  some  way  directs  the  methylation  of  histone  3  (H3)  on  lysine  9. 
Methylated  K9  H3  binds  heterochromatin  protein  1,  which  in 
turn  inhibits  local  transcription.  Although  surprising,  this  work 
echoes  links  between  dsRNAs  and  silencing  of  plant  transgenes 
by  chromatin  methylation  of  the  homologous  DNA  region.'” 
These  results  are  important  in  that  they  establish  that  the  RNAi 
machinery  is  required  for  the  pretranscriptionai  silencing  of 
genes  and  the  proper  function  of  centromeric  DNA.  They  have 
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also  sparked  enormous  interest  in  latent,  noncoding  dsRNA 
transcripts. 


2.  siRNAs  in  Mammalian  Cells 

From  the  outset,  RNAi  proved  to  be  a  useful  genetic  toot.  It 
virtually  revolutionized  the  genetics  of  C  elegans,  enabling 
genome-scale  RNAi-mediated  gene-function  analysis.'^^'  As 
mammals  incorporate  many  of  the  same  components  of  the 
RNAi  pathway  as  C  elegans,  it  was  hoped  that  it  would  have  a 
similar  effect  on  the  genetics  of  mammals.  Despite  the 
mechanistic  similarities,  however,  several  hurdles  related  to  the 
biology  of  mammals  needed  to  be  cleared  before  RNAi  was 
proven  to  be  an  effective  genetic  technique  in  mammals. 

The  largest  impediment  to  the  implementation  of  RNAi  in 
mammals  is  the  physiological  responses  to  dsRNA  by  these  cells, 
which,  when  triggered,  result  in  cell  death.  These  include  the 
induction  of  type  I  interferon  (IFN)  and  the  activation  of  two 
classes  of  IFN-induced  enzymes:  PKR,  the  dsRNA-dependent 
protein  kinase,  and  2',5'-oligoadenylate  synthetases,  the  prod¬ 
ucts  of  which  activate  RNase  L.  As  little  as  one  molecule  of  dsRNA 
longer  than  30  nt  is  sufficient  to  trigger  these  responses, 
eventually  resulting  in  global  inhibition  of  translation  and 
apoptosis.'”"^^  Although  these  responses  are  absent  in  some 
celt  types,  such  as  murine  F9  and  PI  9  embryonic  carcinoma  cell 
lines,  which  can  therefore  be  subjected  to  long  dsRNA-based 
gene  silencing,'”"”'  a  more  general  solution  to  this  problem  was 
needed  for  RNAi  to  become  universally  useful  in  mammalian 
cells. 

The  key  development  in  methodology  for  dsRNA-based 
silencing  in  mammalian  cells  was  to  employ  dsRNAs  that  would 
fail  to  trigger  the  nonspecific  dsRNA  responses  and  yet  still 
induce  RNAi-type  silencing.'®*  By  using  dsRNAs  that  mimicked 
siRNA  duplexes  produced  by  Dicer  processing  of  long  dsRNAs, 
Tuschl  and  co-workers  were  able  to  demonstrate  specific  gene 
silencing  in  a  variety  of  mammalian  cells.'®'  Since  these  molecules 
are  easily  produced  by  chemical  synthesis,  this  has  rapidly 
become  a  standard  technique  for  gene  manipulation  in 
mammalian  cells.  Applications  of  siRNAs  have  been  reviewed 
extensively'”"”'  and  a  variety  of  up-to-the-minute  information  is 
generally  available  online  (e.g  http y/www.dharmacon .com/, 
http*y/www.ambion.com/techlib/resources/RNAi/index.html) 

One  interesting  concept  that  has  emerged  from  the  extensive 
use  of  siRNAs  in  gene  silencing  is  the  variable  susceptibility  of 
target  genes  to  siRNAs.  The  central  event  in  RNAi-mediated  gene 
silencing  is  the  interaction  of  the  siRNA  contained  in  RISC  with  its 
complementary  sequence  within  an  mRNA.  However,  it  appears 
that  all  interactions  between  siRNAs  and  target  sequences  are 
not  equal.  Not  only  do  different  genes  respond  differently  to 
silencing,  but  considerable  variability  in  the  degree  of  suppres¬ 
sion  exists  between  target  sequences  within  a  single  gene.'”  It 
is  thought  that  unknown  intrinsic  factors  related  to  mRNA 
abundance,  structure,  translation  rate,  or  other  features  of  the 
RNAi  mechanism  are  responsible.  Further  study  of  the  mecha¬ 
nism  of  RNAi  is  required  before  we  can  accurately  predict  the 
suitability  of  a  specific  target  sequence. 
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The  target  RNA-cleavage  reaction  guided  by  siRNAs  is 
generally  regarded  as  highly  sequence-specific,  requiring  near 
identity  between  the  siRNA  and  its  cognate  mRNA.  For  example, 
mismatches  near  the  center  of  an  siRNA  duplex  are  most  critical 
to  target  recognition  and  essentially 
abolish  target  RNA  cleavageJ®’^  Mis¬ 
matched  bases  near  the  ends  of  an 
siRNA  contribute  little  to  the  specific¬ 
ity  of  target  recognition.  Some  re¬ 
searchers  have  taken  advantage  of 
this  to  design  target-allele-specific 
siRNAs.^^’®’^  Despite  these  indications 
of  the  specificity,  it  is  now  clear  that 
siRNAs  can  have  effects  on  nontar- 
geted  sequences.  Microarray  studies 
have  revealed  that  a  single  siRNA  can 
affect  the  levels  of  a  variety  of  mes¬ 
sages  within  a  cell  that  are  not 
targeted.^®^^  These  effects  include  the 
silencing  of  nontargeted  genes  con¬ 
taining  as  few  as  11  contiguous  nu¬ 
cleotides  of  Identity  to  the  siRNA.  In  a 
practical  sense,  it  indicates  that  it  is 
advisable  to  test  several  different 
siRNAs  when  silencing  a  gene  of 
interest. 


this  purpose  (see  Figure  2).^®^  This  approach  is  not  universally 
applicable  to  cell  lines.  Although  silencing  by  the  use  of  long 
dsRNA  has  been  accomplished  in  mouse  embryonic  stem  (ES) 
cells  and  embryonic  carcinoma  cells,^®"^^^  the  nonspecific  effects 
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Figure  2.  RNA^interference  delivery  strategies.  Four  major  methods  of  introducing  RNAi  triggers  are  listed  with 
schematics  and  typical  applications  of  each.  A  representative  long  dsRNA  and  short  hairpin  RNA  (shRNA)  vector 
are  shown.  The  elements  depicted  in  the  shRNA  vector  are  typically  included  to  improve  the  gene-transfer 
efficiency  and  stability  of  the  silencing  effect.  Note  that  a  siRNA  or  siRNA-like  molecule  is  generated  in  each 
approach. 


3.  Stable  Silencing 

The  development  of  siRNAs  for  use  in  cell-culture  genetics  is  an 
enormous  advance  over  the  available  technologies.  Neverthe¬ 
less,  when  compared  to  the  power  of  RNAI  in  Celegans,  for 
example,  mammalian  siRNA-mediated  silencing  is  somewhat 
limited.  The  first  significant  difference  between  RNAi  in  C  c/e- 
gans  and  mammalian  cells  is  that  mammalian  cells  do  not  take 
up  exogenously  applied  dsRNA  efficiently.  Mammalian  cells  must 
be  subjected  to  cationic  lipids  or  electroporation  for  siRNAs  to  be 
effective.  Neither  of  these  methods  is  particularly  effective 
in  vivo.  Another  major  distinction  between  Celegans  and 
mammalian  cells  is  that  the  RNAi  response  does  not  persist  in 
mammalian  cells.  Mammalian  cells  lack  the  ability  to  amplify  the 
RNAi  response  that  worms  have,  and  thus  RNAi  is  limited  to 
approximately  6-8  cell  doublings.*®^^ 

The  issues  of  transfer  efficiency  and  persistence  of  siRNAs  in 
mammalian  cells  served  as  a  catalyst  for  the  development  of 
stable  RNAi-based  silencing.  In  lower  organisms,  RNAi  analysis  of 
gene  function  was  greatly  improved  by  the  in  vivo  expression  of 
long  dsRNA  hairpins  500-1000nt  in  length.^®^^  In  each  case, 
the  production  of  siRNAs  by  in  vivo  transcription  and  endoge¬ 
nous  Dicer  cleavage  improved  both  the  delivery  and  duration  of 
the  silencing  effect  as  compared  to  transient,  dsRNA-based 
methods.  Vector  systems  based  on  these  ideas  are  now  available 
for  use  in  C  elegans}^^^  Drosophila}^^  and  plants.^®®^ 

The  development  of  stable  long  dsRNA  hairpin-based  ex¬ 
pression  systems  In  mammals,  however,  was  not  so  straightfor¬ 
ward.  Long  dsRNA  is  an  effective  approach  for  silencing  genes  in 
mammalian  embryos,^®®^  and  vectors  have  been  constructed  for 


of  long  (>  30  nt)  dsRNA  expression  in  eliciting  the  interferon 
response  in  normal,  differentiated  somatic  cell  types^^^^^^ 
required  a  novel  strategy  for  stable  dsRNA-based  silencing  in 
these  cells. 

To  overcome  these  problems,  many  groups  turned  to  the 
endogenous  short  hairpin  miRNAs  as  a  model  for  expressing 
dsRNAs  for  silencing  In  cells.^®®'  ^^^®^  With  short  double-stranded 
stems,  they  were  unlikely  to  trigger  the  nonspecific  responses 
and  were  already  known  to  be  substrates  of  Dicer.  Although  the 
overall  structure  of  miRNAs  was  retained,  sequences  within  the 
stems  of  the  encoded  RNAs  were  engineered  to  be  homologous 
to  targeted  gene  sequences.  In  this  way,  silencing  could  be 
reprogrammed  to  specifically  target  any  gene  of  choice.  The 
similarity  to  miRNAs  was  somewhat  superficial,  however,  as 
simple  stem  structures  that  were  perfectly  identical  to  the 
targeted  gene  and  caused  its  degradation  rather  than  transla¬ 
tional  arrest  were  found  to  be  most  effective.^®^  Nevertheless, 
this  approach  largely  solved  the  problems  related  to  RNAI 
persistence  and  transfer  efficiency  In  mammalian  cells  (see 
Figure  2). 

To  date,  several  groups  have  developed  workable  strategies 
for  stable  gene  silencing  In  mammalian  cells.'®*' In  most 
cases,  mammalian  promoters  are  used  to  drive  the  expression  of 
an  interfering  short  hairpin  RNA  (shRNA)  from  DNA  vectors 
introduced  to  cells  by  commonly  used  gene-transfer  methods 
such  as  transfection  or  infection.  Promoters  using  RNA  polymer¬ 
ase  III  are  employed  in  most  cases,  since  this  enzyme  precisely 
initiates  and  terminates  small,  highly  structured  RNA  tran¬ 
scripts'^®'  and  is  active  in  most,  if  not  all,  embryonic  and  somatic 
cell  types.  These  include  the  moose'^®'  and  human  U6-snRNA 
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promoters^®’ the  human  RNaseP(HI)  RNA  promoter*^ 
and  the  human  Val-tRNA  promoter.'*’^  Although  the  production 
of  shRNAs  by  using  pol  lii  is  the  most  common  approach,  other 
strategies  exist.  These  Include  expressing  miRNA-like  constructs 
from  an  RNA  polymerase  II  (cytomegalovirus)  CMV  Immediate- 
early  promotei^^^  and  using  separate  U6  promoters  to  produce 
single-stranded  21-nt  RNAs,  which  presumably  anneal  within  the 
cell  to  form  structures  identical  to  siRNAs.^ 

For  shRNAs,  the  available  evidence  suggests  that  construct 
design  Is  relatively  flexible.  Double-stranded  stems  between  18 
and  29  nt  in  length  are  roughly  equivalent  in  efficacy.^®^^ 
Sequences  of  this  length  are  long  enough  to  serve  as  substrates 
for  Dicer  and  contain  unique  silencing  information,  yet  are  still 
small  enough  to  evade  the  PKR  and  Interferon  pathways.  One  of 
the  strands  of  the  stem  structure  should  be  complementary  to 
the  sense  strand  of  the  targeted  mRNA.  Whether  it  is  the  5'  stem 
strand  or  the  3'  stem  strand  is  not  Impoitant.^^' The 
sequence  of  the  loop  is  also  fairly  unimportant.  Loop  structures 
between  3  and  9  nt  in  length  work  well,  longer  loops  may  be 
deleterious.^®^  Target  selection  is  poorly  understood  as  is  the 
case  with  siRNAs.  The  somewhat  imprecise  published  guidelines 
with  which  to  select  hairpin  target  sites  suggest  a  target 
sequence  near  the  5'  end  of  the  gene  with  a  GC  content  of 
approximately  50%.  Many  target  sites  that  do  not  share  these 
criteria  are  highly  effective,  including  several  cases  in  which  the 
3'  end  of  the  gene  was  the  best  choice.*®®  ®^* 

The  many  vagaries  of  short  hairpin  construct  design  have 
been  incorporated  in  online  design  tools  that  simplify  the  entire 
process  (http://katahdln.cshl.org:9331/RNAi/,  http://jura.wi.mlt 
edu/bioc/siRNA/,  http://www.dharmacon.com/,  http://www. 
ambion.comAechlib/misc/sIRNA  finder.html).  Once  a  target 
gene  is  selected,  DNA  oligonucleotides  that  encode  shRNA 
corresponding  to  the  gene  are  cloned  downstream  of  a 
promoter  Into  a  vector  suitable  for  gene  transfer  Into  mamma¬ 
lian  cells.  The  power  of  shRNAs  lies  in  their  ability  to  continually 
silence  targets  after  being  stably  transferred  to  host  cells.  For  this 
reason,  vectors  that  make  use  of  gene-transfer  methodologies 
that  are  inherently  stable,  such  as  retroviral  Integration,  lentiviral 
Integration,  and  adenoviral  expression,  are  better  choices  for 
shRNA  expression. 

4.  shRNA-Mediated  Silencing  in  Animals 

The  stable  suppression  afforded  by  shRNAs  has  also  been 
harnessed  to  affect  the  phenotypes  of  animals.  The  function  of 
some  genes,  such  as  those  that  function  in  developmental, 
behavioral,  and  other  complex  processes,  can  only  be  studied  in 
terms  of  the  effect  that  a  mutation  has  at  the  level  of  the 
organism.  For  this  reason,  classical  mouse  knockouts  have  been 
invaluable  In  investigating  the  function  of  many  genes.  Expres¬ 
sion  of  an  shRNA  generates  what  is  effectively  a  dominant  loss- 
of-function  mutation.  That  it  Is  dominant  avoids  a  major 
impediment  of  conventional  knockout  technologies,  which 
require  a  significant  investment  of  time  and  resources  in  the 
production  of  homozygous  disruption  alleles. 

That  stable  RNAI  could  be  used  effectively  to  create  loss-of- 
function  alleles  at  the  organism  level  in  mammals  was  proven  by 
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using  a  modified  hydrodynamic  transfection  method  to  deliver 
siRNAs  and  a  luciferase  reporter  gene  to  the  livers  of  adult 
mice.^®*^  Monitoring  luciferase  activity  with  quantitative  whole- 
body  imaging  demonstrated  that  expression  of  a  targeted 
luciferase  reporter  was  specifically  silenced  to  levels  less  than  5% 
of  controls  by  a  co-injected  siRNA-  or  an  shRNA-expression 
plasmid. 

Recently,  it  has  been  demonstrated  that  short  hairpin  RNAs 
can  be  used  to  generate  transgenic  knockout  anlmals.^*^  ®^  ES 
cells  carrying  shRNA  vectors  that  targeted  a  ubiquitously 
expressed  GFP  reporter  were  used  to  generate  transgenic  mice 
that  exhibited  silencing  In  all  tissues.^®®^  Suppression  levels  of  up 
to  4%  of  untreated  controls  were  observed  and  lasted  for  several 
weeks  in  FI  transgenic  animals  after  introduction  of  the 
transgene.  This  approach  has  also  been  shown  to  be  effective 
with  endogenous  targets.*®^  An  shRNA  construct  that  effectively 
targets  the  murine  DNA  glycosylase-encoding  neill  gene  in  ES 
cells  was  used  to  generate  transgenic  mouse  lines.  Animals  that 
carried  the  ne/7;-targeted  shRNA  expression  vector  all  displayed 
reduced  levels  of  neill  mRNA  and  contained  siRNAs  correspond¬ 
ing  to  a  Dicer-processed  form  of  the  shRNA.  Consistent  with  a 
role  for  neill  in  DNA  repair,  cells  from  these  mice  exhibited 
increased  sensitivity  to  ionizing  radiation. 

Several  groups  have  now  reported  improved  vector  systems 
for  the  construction  of  shRNA-based  knockdown  animals.^®®^^ 
These  vectors  are  based  on  self-inactivating  lentiviruses,  which 
are  less  susceptible  to  silencing  during  mouse  development  and 
are  ideally  suited  for  the  generation  of  transgenic  animals 
through  infection  of  embryonic  stem  cells  or  single-cell  em- 
bryos.^®^^  In  addition  to  an  shRNA  expression  cassette,  most 
express  EGFP  as  a  reporter  that  allows  infected  cells  to  be 
selected  by  flow  cytometry.  A  variety  of  reporter  and  endoge¬ 
nous  genes  have  been  silenced  in  mice  using  these  systems. 

A  general  issue  with  RNAi-based  approaches  is  whether  the 
reduction  of  expression,  which  typically  approaches  but  does 
not  reach  100%  reduction  in  expression,  is  sufficient  to  generate 
an  obvious  phenotype.  Although  It  was  originally  hoped  that 
RNAi  in  transgenic  animals  would  substitute  for  the  classical 
generation  of  knockouts,  it  seems  likely  that  in  some  instances 
RNAi  will  prove  to  be  a  poor  substitute  for  the  complete 
disruption  of  a  gene.  Nevertheless,  it  is  now  clear  that  hairpins 
that  are  less  than  completely  effective  may  be  equally  valuable 
as  an  investigation  tool.  Incomplete  loss-of-function  mutations 
in  genes  essential  for  viability  are.  In  general,  much  more  useful 
than  nulls.  This  is  true  of  genes  involved  in  development  where 
classical  gene  knockouts  are  of  limited  use  as  they  eliminate 
gene  function  universally  in  the  embryo.  Even  In  genes  that  are 
not  lethal,  hairpins  that  do  not  completely  silence  a  targeted 
gene  are  useful  since  they  can  give  rise  to  subtle  phenotypes 
that  aid  in  determining  the  function  of  a  gene  In  a  given  process. 
In  a  study  with  retroviral  shRNA  constructs  that  had  intrinsic 
differences  in  their  ability  to  silence  the  targeted  mouse  p53 
gene,  different  hairpins  produced  phenotypes  of  varying 
severity  at  both  the  cellular  and  organism  levels.^”*  p53  shRNAs 
that  drastically  reduced  levels  of  the  tumor-suppressor  protein 
led  to  the  formation  of  aggressive  tumors  and  premature  death 
of  mice.  Relatively  Ineffective  p53  shRNAs  had  minimal  effects  on 
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p53  levels  and  resulted  in  animals  with  a  mild  form  of  the  disease 
with  no  effects  on  mortality.  The  utility  of  shRNAs  that  do  not 
completely  silence  their  target,  coupled  with  the  increased  ease 
of  generating  mutant  animals  represent  significant  advances  in 
the  methodologies  for  elucidating  gene  function  in  vivo. 

5.  Summary  and  Outlook 

Owing  to  the  robust  nature  of  the  process,  RNAi-based  gene 
silencing  Is  certain  to  be  a  valuable  technique  for  the  foreseeable 
future.  That  it  is  effective  In  vitro  and  in  vivo  suggests  that  the 
limits  to  its  utility  are  only  in  the  types  of  phenotypes  and  assays 
that  apply  to  mammalian  cells.  The  rugged  nature  of  the 
approach  derives  in  large  part  from  the  fact  that  RNAi,  as 
opposed  to  antisense,  makes  use  of  a  collection  of  cellular 
enzymes  that  has  been  honed  by  millions  of  years  of  evolution 
for  the  express  purpose  of  gene  silencing. 

Although  highly  useful  already,  a  number  of  improvements  to 
the  current  technologies  are  likely  to  emerge  in  the  near  future 
(see  Figure  3).  Inducible  hairpin  promoters  that  express  shRNAs 
only  in  response  to  small  molecule  inducers  or  in  specific  tissue 
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Perhaps  the  most  pertinent  application  of  RNAi  in  mammalian 
cells  Is  directly  related  to  the  fact  that  its  discovery  has  coincided 
with  the  appearance  of  thousands  of  genes  of  unknown  function 
in  the  mammalian  genomic  sequencing  project  databases.  Since 
RNAi  requires  only  short  DNA  sequences  to  manufacture  potent 
reagents  to  knockdown  gene  expression,  the  sequence  data¬ 
bases  provide  all  the  information  required  for  genome-wide 
gene-function  analysis  projects.  Arrayed  libraries  of  sIRNAs  or 
hairpins  that  target  each  ORF  in  a  mammalian  genome  are  being 
constructed  for  use  in  phenotype-based,  mid-  to  high-through¬ 
put  screens  in  vitro  and  in  vivo.^*  The  hope  Is  that  the  role  of 
any  gene  product  in  a  given  biological  process  can  be  tested 
without  extensively  developed  reagents  or  presuppositions  of  its 
function. 

Finally,  RNAi  may  have  a  future  in  the  direct  treatment  of 
dlsease.^®^^®^^  In  contrast  to  standard  gene  therapy,  which 
normally  relies  on  the  ectopic  expression  of  proteins,  RNAI  can 
diminish  the  effects  of  deleterious  galn-of-function  mutant 
genes  or  the  genes  of  infectious  pathogens.  Evidence  for  the 
potential  of  RNAi  as  a  therapeutic  has  been  demonstrated  by  a 
number  of  groups.^’®^-^®^  As  with  any  gene-therapy  approach, 
however,  issues  related  to  delivery  and  safety 
are  likely  to  pose  major  obstacles.  Until  these 
are  overcome;  RNAi  will  remain  one  of  the 
most  important  tools  for  target  discovery  and 
validation  In  the  development  of  small-mole¬ 
cule  therapeutics. 
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Figure  3.  ^plications  of  RNA-interference-based  silencing  in  mammais.  Schematic  summary  of 
current  (above  red  line)  and  probable  future  (below  red  line)  uses  of  RNA  inteiference.  siRNAs  are 
typically  used  in  ceil  cultures,  but  have  also  been  used  in  some  therapeutic  studies  in  mice.  shRNA 
vectors  are  especially  useful  in  the  generation  of  stable,  hypomorphic  alleles  of  genes  In  tissue  culture 
cells,  in  specific  ceil  types  within  mice,  and  in  entire  animals.  High-throughput,  inducible  knockouts  and 
gene  therapy  are  under  development  at  the  time  of  this  writing. 


types  would  be  valuable  in  the  analysis  of  genes  that  are 
essential,  have  multiple  roles  in  development,  or  that  are  related 
to  behavior.  Vectors  that  express  several  silencing  constructs 
simultaneously  would  improve  combinatorial  silencing.*®^^  Since 
RNAi  acts  in  a  dominant  fashion,  multiply  mutant  cells  and 
animals  can  be  generated  In  the  time  that  it  takes  to  generate  a 
single  heterozygous  founder  by  conventional  methods. 
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RNA  interference  (RNAi)  is  a  process  of  sequence-specific  posttranscriptlonal  gene  silencing  mediated  by 
double-stranded  RNA.  RNAi  has  recently  emerged  as  a  powerful  genetic  tool  to  analyze  gene  function  In 
mammalian  cells.  The  power  of  this  method  is  limited  however,  by  the  uncertainty  In  predicting  the  efficacy  of  small 
interfering  RNAs  (sIRNAs)  In  silencing  a  gene.  This  has  Imposed  serious  limitations  not  only  for  small-scale  but  also 
for  high-throughput  RNAi  screening  initiatives  In  mammalian  systems.  We  have  developed  a  reliable  and  quantitative 
approach  for  the  rapid  and  efficient  identification  of  the  most  effective  sIRNA  against  any  gene.  The  efficacy  of 
sIRNA  sequences  Is  monitored  by  their  ability  to  reduce  the  expression  of  cognate  target-reporter  fusions  with  easily 
quantified  readouts.  Finally,  using  mlcroarray-based  cell  transfections,  we  demonstrate  an  unlimited  potential  of  this 
approach  In  high-throughput  screens  for  identifying  effective  sIRNA  probes  for  silencing  genes  In  mammalian 
systems.  This  approach  is  likely  to  have  implications  In  the  use  of  RNAI  as  a  reverse  genetic  tool  for  analyzing 
mammalian  gene  function  on  a  genome-wide  scale. 


[Supplemental  material  is  available  online  at  www.genome.org.  The  following  individuals  kindly  provided  reagents, 
samples,  or  unpublished  Information  as  indicated  in  the  paper:  G.  Hannon, ).  Silva,  R.  Benezra,  K.  LaVlne,  S.  Gupta, 
D.  Helfman,  L  Hatchwell,  S.  Kantaraci,  and  A.  Lassar.] 


RNA  Interference  (RNAi)  is  a  process  by  which  double-stranded 
RNA  (dsRNA)  homologous  to  the  target  locus  can  specifically 
inactivate  gene  function  in  plants,  invertebrates,  and  mamma¬ 
lian  systems  (Sharp  1999;  Hammond  et  al.  2001).  The  endog¬ 
enous  mediators  of  sequence-specific  mRNA  degradation  are  21- 
and  22-nucleotide  (nt)  slRNAs  generated  from  longer  dsRNAs  by 
the  ribonuclease  III  activity  of  the  evolutionarily  conserved  dicer 
enzyme  (Bernstein  et  al.  2001;  Elbashir  et  al.  2001b).  Gene- 
specific  long  dsRNAs  have  been  successfully  used  in  Caenorhab- 
ditis  elegans  and  Drosophila  melanogaster  for  RNAi-mediated  gene 
silencing  (Hannon  2002).  In  mammalian  cells,  however,  dsRNAs 
longer  then  30  base  pairs  (bp)  trigger  the  antiviral/interferon 
pathways,  which  results  in  global  shut-down  of  protein  synthesis 
(Marcus  and  Sekellick  1985;  Gil  and  Esteban  2000).  It  was  re¬ 
cently  demonstrated  that  RNAi-mediated  gene  silencing  can  be 
obtained  in  cultured  mammalian  cells  by  delivery  of  either 
chemically  synthesized  short  (<30-nt)  double-stranded  siRNA 
molecules  (Elbashir  et  al.  2001a)  or  by  endogenous  expression  of 
short  hairpin  RNAs  (shRNAs)  bearing  fold-back  stem-loop  struc¬ 
ture  (Brummelkamp  et  al.  2002;  Elbashir  et  al.  2002;  Paddison  et 
al.  2002;  Paul  et  al.  2002;  Sui  et  al.  2002). 

General  guidelines  for  designing  siRNA  oligonucleotides  are 
available  (Elbashir  et  al.  2002)  which  require  avoiding  regions  of 
mRNA  such  as  5'  and  3'  untranslated  regions  (UTRs)  and  regions 
within  75  bases  of  a  start  codon,  and  sequences  having  a  GC 
content  of  >70%  or  <30%.  Although  the  existing  rules  for  siRNA 
selection  are  a  reliable  general  guide,  they  do  not  ensure  that 
each  selected  siRNA  will  work.  For  example,  even  though  target¬ 
ing  the  UTR  is  not  generally  recommended,  successful  gene  in¬ 
hibition  has  been  reported  for  siRNAs  targeting  3'  UTRs  of  the 
Myc  oncogene  (Bryom  et  al.  2002)  and  CD8a  receptor  (McManus 
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et  al.  2002).  Thus  it  has  been  observed  that  in  many  cases  a 
majority  of  siRNAs  or  shRNAs  designed  against  a  gene  are  not 
effective  (Elbashir  et  al.  2001a;  Holen  et  al.  2002;  Lee  et  al.  2002; 
Yu  et  al.  2002;  Kapadia  et  al.  2003).  On  average,  only  1  in  5  of  the 
siRNAs/shRNAs  selected  for  targeting  a  region  of  a  gene  show 
efficient  gene  silencing  (McManus  et  al.  2002;  Kapadia  et  al. 
2(X)3;  R.  Kumar  and  V.  Mittal,  unpubl.).  Instability  of  an  siRNA 
probe  in  vivo,  inability  to  interact  with  components  of  the  RNAi 
machinery,  and  inaccessibility  of  the  target  mRNA  due  to  local 
secondary  structural  constraints  have  all  been  proposed  as  pos¬ 
sible  causes  for  the  failure  of  most  tested  siRNAs.  An  analysis  of 
nucleotide  sequences,  melting  temperatures,  and  secondary 
structures  has  thus  far  not  revealed  any  obvious  differences  be¬ 
tween  effective  and  noneffective  siRNA  (Hohjoh  2002),  thus  pre¬ 
venting  the  development  of  more  effective  siRNA  design  meth¬ 
ods.  Moreover,  empirical  approaches  such  as  RNAse  H  suscepti¬ 
bility  assays  of  siRNA/target  duplexes  (Lee  et  al.  2002)  and 
shotgun  approaches  in  which  a  mixture  of  siRNA  produced  by 
RNAse  Ill-mediated  hydrolysis  of  long  double-stranded  RNA  is  used 
(Calegari  et  al.  2002;  Yang  et  al.  2002)  do  not  easily  translate  to  the 
design  of  effective  RNAi  probes.  At  present,  the  lack  of  a  reliable 
target-site  selection  method  has  imposed  serious  limitations  on 
the  efficiency  of  RNAi  as  a  general  tool  for  gene  function  analysis. 

We  have  developed  a  quantitative  procedure  for  rapid  iden¬ 
tification  of  an  effective  siRNA/shRNA  for  inhibition  of  target 
gene  expression.  Effective  RNAi  probes  are  identified  based  on 
their  ability  to  inactivate  cognate  sequences  in  an  ectopically 
expressed  target  gene-reporter  chimeric  mRNA.  Using  either  a 
fluorescent  or  enzymatic  reporter,  the  siRNA  effect  is  monitored 
quantitatively.  By  examining  a  variety  of  genes  with  diverse  bio¬ 
logical  functions  in  various  mammalian  cell  lines,  we  have 
shown  a  strong  conelation  in  the  suppression  of  ectopically  ex¬ 
pressed  and  cognate  endogenous  genes  by  siRNA  probes.  Further¬ 
more,  using  microarray-based  cell  transfections,  we  demonstrate 
that  this  approach  can  be  tailored  to  high-throughput  saeens  for 
identifying  effective  siRNA  probes  in  mammalian  systems.  Such 
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a  screen  would  have  unlimited  potential  for  analyzing  mamma¬ 
lian  gene  function  on  a  genome-wide  scale. 

RESULTS  AND  DISCUSSION 

Experimental  Design  for  Selecting  Effective 
siRNA  Probes 

The  crucial  event  in  RNAi-mediated  gene  silencing  is  the  inter¬ 
action  of  a  21-nt  siRNA  probe  with  its  complementary  sequence 
within  an  mRNA.  This  led  us  to  hypothesize  that  the  expression 
of  an  endogenous  gene  will  be  as  efficiently  silenced  as  that  of 


ectopically  expressed  mRNA  by  an  effective  siRNA.  We  designed 
constructs  that  express  target  protein  fused  at  either  the  N-  or 
C-terminus  to  a  fluorescent  (such  as  enhanced  green  fluorescent 
protein,  EGFP  or  red  fluorescent  protein,  RFP)  or  enz5miatic  {Re- 
nilla  luciferase)  reporter  polypeptide  (Fig.  1).  These  constructs 
were  transfected  into  mammalian  cells  together  with  individual 
siRNAs  designed  against  various  regions  of  the  target  gene  (Fig. 
1A,B).  If  any  siRNA  effectively  targets  and  inactivates  expression 
of  its  cognate  mRNA,  a  marked  reduction  in  reporter  expression 
(EGFP/RFP  fluorescence  or  enzymatic  activity)  is  expected.  Con¬ 
versely  if  it  fails  to  efficiently  target  its  cognate  mRNA,  no  sig¬ 
nificant  change  in  reporter  expression 
should  be  observed.  Both  the  fluores¬ 
cence  and  enzymatic  activities  can  be 
quantitated. 

The  feasibility  of  the  experimental 
design  was  tested  by  evaluating  critical 
parameters  associated  with  the  target- 
reporter  fusion  products  such  as  stability 
of  fusion  proteins,  accessibility  of  target 
site  in  the  chimeric  mRNA,  and  specific¬ 
ity  of  SiRNA  probes  in  suppressing  cog¬ 
nate  mRNA  expression  as  reflected  by 
changes  in  reporter  expression.  EGFP 
and  RFP  were  used  as  a  target  and  re¬ 
porter  respectively,  and  an  effective 
SiRNA  specific  to  EGFP  mRNA  was  used 
(Donze  and  Picard  2002).  A  plasmid  ex¬ 
pressing  EGFP  was  cotransfected  with  an 
effective  siRNA  targeting  specifically 
EGFP  mRNA  (Donze  and  Picard  2002) 
with  a  control  plasmid  expressing  RFP.  A 
significant  reduction  In  EGFP,  but  not  in 
RFP,  expression  was  observed  (Fig.  1C, 
upper  panel),  demonstrating  specificity 
of  the  SiRNA  for  the  target  gene.  Trans¬ 
fection  of  the  cells  with  a  nonspecific 
(NON-SP)  SiRNA  affected  neither  EGFP 
nor  RFP  expression  (Fig.  1C,  lower 
panel).  We  then  tested  both  an  N- 
terminal  and  C-terminal  target-reporter 
fusion  (EGFP-RFP  and  RFP-EGFP)  to  de¬ 
termine  whether  siRNA  against  the  tar¬ 
get  (EGFP)  would  result  in  the  abroga¬ 
tion  of  reporter  (RFP)  gene  expression. 
The  results  showed  reduced  expression 
of  EGFP  and  RFP  for  both  N-  and  C-  ter¬ 
minal  fusions  (Fig.  1D,E,  upper  panel)  as 
compared  to  nonspecific  siRNA  (Fig, 
1D,E,  lower  panel),  suggesting  that  the 
siRNA-mediated  suppression  of  the  tar¬ 
get  gene  (EGFP)  expression  is  faithfully 
reported  by  the  reporter  (RFP)  portion  of 
the  fusion  constructs.  Taken  together 
the  data  suggest  that  the  target-reporter 
products  are  stable  and  that  the  reporter 
portion  of  the  fusion  construct  accu¬ 
rately  reflects  silencing  of  the  target 
when  fused  to  either  its  N-  or  C- 
terminus.  The  latter  property  is  particu¬ 
larly  attractive,  because  it  allows  for  flex¬ 
ibility  in  the  construction  of  chimeric 
fusions. 

To  provide  flexibility  in  the  choice 
of  reporter  systems,  we  also  explored  the 
use  of  an  enzymatic  rather  than  a  fluo- 
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Figure  1  Strategy  and  experimental  verification  for  screening  effective  siRNA  probes  using  target- 
reporter  fusion.  (A)  Reporter  gene  fused  at  either  C-termlnal  or  (B)  N-terminal  of  target  gene.  A  panel 
of  siRNAs  or  shRNAs  against  target  gene  is  shown  (A).  Efficacy  of  siRNA-mediated  target  gene  silencing 
was  measured  by  quantitation  of  reporter  gene  expression.  C2C1 2  cells  were  cotranrfected  with  either 
ECFP-specific  sIRNA  (upper  pane!)  or  nonspecific  siRNA  (lower  pane!)  with  (Q  two  independent  plas¬ 
mids  expressing  EGFP  and  RFP,  (0)  a  plasmid  expressing  EGFP-RFP  fusion  protein,  and  (E)  a  plasmid 
expressing  RFP-EGFP  fusion  protein.  DAPI,  4',  6'-diamidino-2-phenyiindole  hydrochloride;  EGFP,  en¬ 
hanced  green  fluorescent  protein;  RFP,  red  fluorescent  protein;  NON-SP,  nonspecific  siRNA;  SP,  specific 
siRNA.  A  scrambled  sIRNA  served  as  a  nonspecific  control. 
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rescent  reporter.  Plasmids  encoding  an  EGFP-Rewi/to  luciferase 
fusion  protein  and  internal  control  firefly  luciferase,  respectively, 
were  transfected  with  varying  concentrations  of  either  EGFP- 
specific  or  nonspecific  siRNAs.  The  internal  control  was  used  to 
normalize  experimental  variation  associated  with  transfection  ef¬ 
ficiency.  The  results  showed  a  specific  dose-dependent  decrease 
in  EGFP  expression  with  50-250  ng  of  siRNA  (Fig.  2A;  upper 
panel).  In  contrast,  nonspecific  siRNA  had  no  detectable  effect  on 
EGFP  expression  in  this  range  (Fig.  2A,  lower  panel).  Moreover, 
normalized  quantitation  of  ReniUa  and  firefly  luciferase  activity 
from  lysates  of  aliquots  of  the  same  transfected  cells  showed  that 
EGFP  siRNA  specifically  decreases  ReniUa  luciferase  activity  in  a 
dose-dependent  manner  (Fig.  2B),  consistent  with  the  deaease  in 
EGFP  fluorescence  (Fig.  2A).  An  approximately  fivefold  reduction 
in  ReniUa  luciferase  by  specific  siRNA  relative  to  a  control  non¬ 
specific  SiRNA  was  observed.  Thus,  both  a  fluorescent  and  an 
enzymatic  reporter  can  be  used  effectively  to  monitor  RNAi- 
mediated  gene  silencing.  In  alternative  embodiments,  a  reporter 
gene  which  encodes  a  protein  sequence  such  as  His-tags,  immu¬ 
noglobulin  domains,  myc  tags,  poly-glycine  tags,  FLAG  tags,  or 
HA-tags  may  be  used.  These  reporters  can  be  conveniently  de¬ 
tected  by  immunoassay  methods,  such  as  Western  blotting,  im- 
munohistochemistry,  ELISA,  and/or  immunoprecipitation. 

Application  of  the  Method  In  Identifying  Effective 
siRNA  Probes 

To  evaluate  the  usefulness  of  the  screening  method  for  identify¬ 
ing  effective  siRNA  probes,  we  designed  five  siRNAs  targeting 
various  regions  spanning  the  MyoD  coding  sequence  (Fig.  3A). 
The  MyoD  gene  was  used  for  the  first  screen  because  of  its  robust 
expression  in  muscle  precursor  cells  and  the  availability  of  reli¬ 
able  antibodies  to  monitor  levels  of  the  protein.  Cells  were  co¬ 
transfected  with  a  construct  expressing  a  MyoD-EGFP  fusion  pro¬ 
tein,  the  dSRed2-Nl  plasmid  as  an  internal  control  for  transfec¬ 
tion,  and  individual  slRNA  probes.  slRNA  25  showed  dramatic 
reduction  in  the  number  of  EGFP-positive  cells  compared  to  cells 
transfected  with  nonspecific  siRNA  (NON-SP,  Fig.  3B),  as  deter¬ 
mined  by  fluorescence  microscopy.  The  normalized  fluorescence 
intensity  ratio  of  target  (MyoD-EGFP)  to  internal  control  (RFP) 
was  obtained  from  lysates  of  aliquots  of  the  same  transfected 
cells.  The  results  show  that  siRNA  25  was  the  most  effective  (al¬ 
most  50%  reduction  in  GFP  expression  relative  to  nonspecific 


SiRNA)  in  the  suppression  of  ectopic  MyoD  gene  expression  (Fig. 
3C),  in  agreement  with  the  microscopic  imaging  (Fig.  3B).  Partial 
reduction  in  normalized  GFP  fluorescence  was  observed  with 
SiRNA  294  (20%)  and  siRNA  538  (10%).  To  determine  whether 
there  is  a  correlation  between  the  ability  of  the  siRNA  to  inhibit 
expression  of  both  ectopically  expressed  MyoD-EGFP  and  endog¬ 
enous  MyoD,  cells  were  transfected  with  only  siRNAs  specific  to 
MyoD.  The  level  of  endogenous  MyoD  was  then  examined  by 
Western  blot  analysis.  We  observed  a  strong  correlation  between 
suppression  of  ectopic  MyoD-EGFP  and  endogenous  MyoD  gene 
expression  by  the  same  panel  of  siRNAs  (Fig.  3D,  see  percent 
reduction  in  MyoD  expression),  with  siRNA  25  being  the  most 
effective  (80%  reduction)  in  silencing  endogenous  MyoD  expres¬ 
sion  (Fig.  3D,  upper  panel)  followed  by  siRNA  294  (35%)  and 
SiRNA  538  (10%). 

This  strategy  was  then  assayed  for  selecting  effective  plas¬ 
mid-encoded  shRNA.  Plasmid-encoded  shRNAs  have  distinct  ad¬ 
vantages  over  their  chemically  synthesized  siRNA  counterparts. 
They  are  cost-effective  and  provide  a  stable  and  continuous  ex¬ 
pression  of  hairpin  RNA  that  is  useful  for  analysis  of  phenotypes 
that  develop  over  extended  periods  of  time  as  a  result  of  loss  of 
gene  function.  We  chose  five  different  target  sequences  for  MyoD 
hairpins,  as  shown  in  Figure  3E.  shRNA  708  showed  a  dramatic 
reduction  in  the  number  of  EGFP-positive  cells  (Fig.  3F,  upper 
right  panel)  compared  to  nonspecific  shRNA  (Fig.  3F,  upper  left 
panel)  or  other  shRNAs  (data  not  shown).  The  normalized  fluo¬ 
rescence  intensity  ratio  of  target  (MyoD-EGFP)  to  internal  con¬ 
trol  RFP  was  quantitated  and  confirmed  the  effectiveness  of 
shRNA  708  (almost  65%  reduction  in  GFP  expression  relative  to 
nonspecific  siRNA),  consistent  with  the  microscopy  imaging 
analysis  (Fig.  3F).  To  monitor  the  ability  of  the  various  shRNAs  to 
inhibit  expression  of  the  endogenous  MyoD  gene,  cells  were 
transfected  only  with  shRNAs.  Western  blot  experiments  showed 
that  ShRNA  708  (85%  reduction  in  MyoD  protein  levels)  was  the 
most  effective  in  suppressing  endogenous  MyoD  gene  expression 
(Fig.  3G,  upper  panel)  followed  by  shRNA  312  and  shRNA  897 
(50%  reduction  in  each  case),  in  agreement  with  the  fluorescent 
intensity  results  (Fig.  3F). 

We  next  determined  the  general  applicability  of  the  siRNA 
screening  strategy  in  identifying  effective  RNAi  candidates  for 
additional  genes.  The  silencing  of  Lamin  A/C  by  a  panel  of 
siRNAs  was  analyzed  (Fig.  4A).  siRNA  608,  which  was  previously 
shown  to  be  effective  against  Lamin  A/C  (Harborth  et  al.  2001), 
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Figure  2  Quantitation  of  sIRNA-mediated  target  gene  silencing.  (A)  C2C12  cells  were  transfected  with  a  constant  amount  of  EGFP-Rluc  (expressing 
ECFP-Ren///o  luciferase  fusion  protein),  pCL3-Controi  (expressing  firefly  luciferase  as  Internal  control),  and  increasing  concentrations  of  EGFP-specific 
SiRNA  {upper  panel)  and  nonspecific  slRNA  {lower panel).  At  24  h  posttransfection  cells,  were  Imaged  for  EGFP  expression,  (fl)  Normalized  relative  amount 
of  Renllla  and  firefly  luciferase  (n=3)  as  a  function  of  treatment  with  nonspecific  siRNA  (■)  or  EGFP-specific  siRNA  (A)  were  plotted.  Cotransfection 
without  siRNA  served  as  a  control.  A  scrambled  siRNA  served  as  a  nonspecific  control. 
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Figure  3  Correlation  between  sIRNA/shRNA  screening  results  and  suppression  of  endogenous 
MyoD.  (A)  Schematic  showing  location  of  various  slRNA  probes  against  MyoD  gene.  The  location  of 
sIRNA  probes  on  the  target  sequences  were  assigned  with  respect  to  the  translation  start  site  (nucleo¬ 
tide  position  1).  (B)  C2C12  cells  were  transfected  with  MyoD-EGFP,  pDsRed2-N1  (internal  control), 
and  specific  siRNAs  against  MyoD  or  a  nonspecific  siRNA  as  indicated.  Upper  and  lower  panels  show 
ECFP  and  RFP  expression,  respectively,  after  24  h  of  transfection.  (0  Normalized  relative  amounts  of 
ECFP  and  RFP  for  each  sIRNA.  Percentage  (%)  reduction  in  GFP  fluorescence  is  Indicated  below  each 
siRNA  (0)  C2C12  cells  were  transfected  with  specific  MyoD  sIRNAs  or  a  nonspecific  siRNA  and  sub¬ 
jected  to  Western  blot  analysis  after  48  h  of  transfection  for  MyoD  (upper  panel)  and  a-tubulln  (lower 
panel)  protein.  The  percent  reduction  in  band  intensity  relative  to  nonspecific  control  is  shown.  (£) 
Schematic  showing  location  of  the  shRNAs  along  the  sequence  of  the  MyoD  gene,  (F)  Normalized 
relative  amount  of  EGFP  and  RFP  for  each  shRNA.  %  reduction  In  GFP  fluorescence  is  Indicated  below 
each  shRNA.  (Q  C2C1 2  cells  were  transfected  with  specific  MyoD  shRNAs  or  a  nonspecific  shRNA  and 
subjected  to  Western  blot  ana^sis  after  48  h  of  transfection  for  MyoD  (upper  panel)  and  a-tubulin 
(lower  panel)  protein.  shRNA  against  firefly  luciferase  and  scramble  sIRNA  served  as  a  nonspecific 
control.  All  of  the  blots  were  reprobed  with  antl-a-tubulin  (Sigma)  antibody  to  show  equal  loading. 


was  included.  Of  the  five  siRNAs  tested,  siRNA  608  was  by  far  the 
most  effective  in  suppressing  both  ectopic  Lamin-GFP  fusion 
(60%  reduction  in  relative  fluorescence  intensity,  Fig.  4B)  and 
endogenous  Lamin  A/C  (87%  reduction  in  lamin  A/C  protein 
level.  Fig.  4C),  in  agreement  with  the  90%  reduction  observed 
previously  using  the  same  siRNA  (Elbashir  et  al.  2001a).  Similarly, 
in  a  screen  of  a  panel  of  shRNA  probes  against  the  human  tumor 
suppressor  p53,  a  sequence  known  to  be  effective  (Brummelkamp 


et  al.  2(X)2)  performed  most  efficiently 
in  our  screen  (Table  1).  Taken  collec¬ 
tively,  these  results  validate  the  reliabil¬ 
ity  of  this  approach  for  RNAi  screening. 

We  have  saeened  panels  of  siRNAs 
and  shRNA  probes  against  genes  with  di¬ 
verse  biological  functions  in  both  mu¬ 
rine  and  human  cell  lines.  Table  1  sum¬ 
marizes  the  screening  results  described 
above  obtained  with  MyoD,  Lamin  A/C, 
and  p53  as  well  as  results  obtained  with 
the  human  EF-hand  calcium  binding 
protein  SlOO  a-subunit  and  members  of 
the  Id  family  of  genes.  These  results  fur¬ 
ther  underscore  that  only  a  minority  of 
RNAi  probes  are  effective  in  gene  silenc¬ 
ing,  and  that  the  effective  RNAi  probes 
can  be  identified  from  this  screen.  Thus 
far  we  have  always  observed  a  correla¬ 
tion  between  the  efficiency  of  an  siRNA 
in  the  screen  and  the  suppression  of  the 
cognate  endogenous  gene.  However,  the 
generality  of  this  correlation  can  only  be 
determined  by  performing  a  compre¬ 
hensive  analysis  involving  a  broad  spec¬ 
trum  of  genes.  It  is  possible  that  factors 
such  as  enhanced  transcriptional  rates, 
protein  stability,  and  density  of  RNA 
binding  proteins  associated  with  some 
genes  may  compromise  the  in  vivo  effec¬ 
tiveness  of  SiRNA.  This  may  result  in  a 
small  proportion  of  false-negatives  in 
this  screening  methodology. 

Our  assay  can  be  used  to  screen  for 
effective  siRNAs  directed  against  targets 
that  cannot  be  monitored  directly,  ei¬ 
ther  because  of  lack  of  reagents  such  as 
antibodies,  or  because  of  very  low  ex¬ 
pression  levels.  Another  strength  of  the 
screening  method  is  its  ability  to  iden¬ 
tify  the  most  robust  siRNA  candidate 
within  24  h  of  transfection  irrespective 
of  the  status  of  the  endogenous  protein. 
This  is  particularly  attractive  compared 
to  determining  the  efficacy  of  siRNA 
probes  by  directly  monitoring  their  abil¬ 
ity  to  suppress  cognate  endogenous 
genes,  which  may  Involve  time- 
consuming  optimization  of  siRNA  dose 
and  incubation  time  (Elbashir  et  al. 
2001a;  Harborth  et  al.  2001;  Mendez  et 
al.  2002),  In  several  cases  we  performed 
the  screening  using  a  variety  of  human 
and  murine  cell  lines  (HeLa,  N1H3T3, 
murine  endothelial,  HEK293,  IMR90, 
C2C12);  in  all  cases  the  results  were  in¬ 
dependent  of  the  cell  lines  used  (data 
not  shown;  also  note  that  siRNA  25  and 
shRNA  708  against  MyoD  were  identified  using  both  murine 
C2C12  (Fig.  3F)  and  human  HeLa  cells  [Fig.  5F,G]). 

The  screening  method  allows  not  only  the  identification  of 
the  most  effective  siRNAs,  but  also  that  of  siRNAs  that  display 
partial  suppression  of  target  gene  expression.  We  predict  that 
such  siRNAs  would  be  useful  in  studies  where  partial  downregu- 
lation  of  gene  expression  is  desired,  particularly  in  cases  where 
partial  downregulation  might  result  in  distinct  phenotypes.  For 
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Figure  4  Correlation  between  siRNA  screening  results  and  suppression  of  endogenous  Lamfn  A/C. 
(A)  The  location  of  the  sIRNAs  against  the  Lamin  A/C  gene.  (8)  HeLa  cells  were  transfected  with  a 
constant  amount  of  ECFP-Lamln  A/C,  pDsRed2-N1,  and  specific  Lamin  A/C  siRNA  and  nonspecific 
slRNA.  Normalized  relative  amounts  of  EGFP  and  RFP  for  each  siRNA  and  %  reduction  In  GFP  fluores¬ 
cence  for  each  sIRNA  are  shown.  (Q  Western  blot  analysis  using  a-Lamin  A/C  antibody. 


example,  shRNAs  showing  varying  levels  of  pS3  suppression  gen¬ 
erated  distinct  tumor  phenotypes  in  vivo  (Hemann  et  al.  2003). 
They  would  also  be  useful  where  lethality  associated  with  com¬ 
plete  suppression  of  critical  genes  is  of  concern. 

A  High-Throughput  Selection  of  siRNA  Probes  by 
RNAi  Microarrays 

Currently  a  major  effort  is  geared  towards  using  RNAi  as  a  reverse 
genetic  approach  for  analyzing  mammalian  gene  function  on  a 
genome-wide  scale  as  demonstrated  in  C.  elegam  (Kamath  et  al. 
2003).  However  unlike  C.  elegam,  where  long  dsRNAs  work  well 
in  sequence-specific  gene  silencing  due  to  lack  of  an  antiviral/ 
interferon  response,  successful  applications  using  RNAi  in  so¬ 
matic  mammalian  cells  would  require  reliable  RNAi  screens  to 
identify  effective  siRNA  probes  for  every  gene.  We  were  inter¬ 
ested  in  determining  whether  our  method  for  selecting  effective 
SiRNA  probes  would  work  in  a  highly  parallel  assay.  We  made 
use  of  a  DNA  miCToarray  platform  where  two  plasmids,  one  en¬ 
coding  a  target  gene-EGFP  fusion  and  another  encoding  RFP 
(as  an  internal  control)  were  arrayed  with  either  specific 
siRNA  or  nonspecific  siRNA  on  a  glass  slide  and  then  incubated 
with  mammalian  cell  culture  (Fig.  5A).  Only  the  cells  growing  in 
close  proximity  to  the  DNA  spots  were  transfected,  resulting 
in  spatially  distinct  groups  of  transfected  cells  within  a  lawn 
of  untransfected  cells,  as  observed  previously  (Ziauddin  and 
Sabatini  2001).  A  laser  scanner  was  used  to  monitor  EGFP  and 
RFP  fluorescence  intensities  in  each  individual  cluster.  Figure  5C 
is  a  laser  scan  image  of  spots  expressing  EGFP  (green)  and  RFP 
(red)  expression,  and  Figure  5D  is  a  microscopy  image  of  a  rep¬ 
resentative  spot.  Typically,  each  cluster  was  comprised  of  300- 
500  fluorescent  cells.  We  next  sought  to  determine  whether  the 
microarray-based  cell  transfection  format  would  recapitulate 
slRNA-mediated  suppression  of  ectopic  gene  expression  as  a  func¬ 
tion  of  SiRNA  concentration  and  specificity,  as  observed  in  con¬ 
ventional  transfections  (Fig.  2).  Quantitation  of  normalized 
mean  Intensities  (EGFP/RFP)  showed  a  dose-dependent  suppres¬ 
sion  of  EGFP  expression  by  its  cognate  siRNA  (Fig.  5E),  with  300 
ng  of  siRNA  providing  maximal  suppression.  Moreover,  an  effec¬ 
tive  SiRNA  directed  to  EGFP  showed  specific  suppression  of  EGFP 
and  not  RFP  expression  (Fig,  5B).  All  of  these  results  are  also 


consistent  with  those  obtained  in  a  con¬ 
ventional  transfection  assay  (Fig.  2). 

We  then  tested  the  use  of  cell  mi¬ 
croarrays  to  screen  effective  siRNA 
probes.  First  the  concentrations  of  the 
target-reporter  fusions  were  optimized 
for  detection  of  fluorescence  by  a  laser 
scanner  (data  not  shown).  Next,  the 
panels  of  six  siRNAs  and  six  shRNAs  di¬ 
rected  against  MyoD  described  above 
(Fig.  3A,E)  were  arrayed  together  with 
the  plasmids  encoding  MyoD-EGFP  and 
the  internal  control  RFP.  The  quantita¬ 
tion  of  EGFP  and  the  RFP  internal  con¬ 
trol  intensities  in  response  to  various 
shRNAs  and  siRNAs  (Fig.  5F,G)  identified 
shRNA  708  and  siRNA  25  as  the  most 
effective  in  suppression  of  MyoD-EGFP 
expression,  in  agreement  with  our  obser¬ 
vations  with  conventional  transfections 
(Fig.  3).  Although  by  using  conventional 
transfections  we  observed  a  partial  sup¬ 
pression  of  MyoD  gene  expression  by 
SiRNA  294  (Fig.  3C,D)  and  shRNA  312 
(Fig.  3G),  the  same  probes  did  not  show 
similar  trends  in  the  microarray-based  saeen  (Fig.  5F,G).  This  is 
likely  due  to  differences  in  the  sensitivity  and  specificity  of  de¬ 
tection  of  the  two  screening  platforms.  Nevertheless,  the  two 
types  of  screening  are  in  perfect  agreement  in  their  ability  to 
identify  the  most  effective  RNAi  probe. 

These  results  suggest  that  the  microarray-based  cell  transfec¬ 
tions  ("RNAi  microarrays")  can  be  used  in  large-scale  RNAi 
screens.  Using  fully  automated  liquid-dispensing  and  plate¬ 
handling  robotic  systems,  it  is  possible  to  prepare  mixtures  con¬ 
taining  constructs  expressing  target-reporter  fusions,  internal 
controls,  various  shRNAs,  and  synthetic  siRNAs  which  then  can 
be  printed  at  densities  of  up  to  6000  to  10,000  features  per  slide 
by  modem  microarrayers.  Although  similar  screens  can  be  car¬ 
ried  out  in  96-  or  384-well  plates,  the  microarray  platform  pro¬ 
vides  distinct  advantages.  The  arrays  are  cost-effective  because 
they  require  minimal  materials  (plasmids,  shRNA,  or  siRNA)  and 
expensive  transfection  reagents.  Mass  transfection  on  arrays  al¬ 
lows  homogenous  distribution  of  cell  population  in  comparison 
to  variability  often  encountered  in  well-to-well  transfections.  Be¬ 
sides,  several  slides  can  be  generated  and  the  screens  performed 
in  duplicate  or  triplicate  to  obtain  statistically  significant  results. 
However,  a  96-  or  384-well  plate  format  is  more  suitable  for  en¬ 
zymatic  assays,  such  as  for  luciferase,  p-galactosidase,  etc. 


Table  1.  siRNA/shRNA-lnduced  Gene  Silencing  for  Ectoplcally 
Expressed  Target-Reporter  Fusions 


Gene 

Accession 

SiRNA* 

ShRNA* 

MyoD 

M84918 

5(1) 

5(1) 

UminA/C 

NM  005572 

5(1) 

0 

S-100 

NM  002961.2 

5(0) 

0 

Idl 

AK008264 

5(1) 

8(1) 

ld2 

AF077860 

5(0) 

3(1) 

Id3 

AK002820 

5(1) 

8(1) 

Id4 

AF077859 

5(1) 

3(0) 

p53 

X02469 

5(1) 

4(1) 

'  ‘Of  the  total  siRNA/shRNA  tested  In  the  screens,  the  number  of  the 
most  effective  probes  are  mentioned  In  parentheses. 
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Assembly  of  DNA/gelatin  mix 
Target:  Target-QFP  fusion 
Internal  control:  RFP 
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Figure  5  sIRNA  screens  using  microarray-based  cell  transfections.  (A)  Schematic  showing  manufacture  and  analyses  of  an  RNAI  microarray.  (B)  RNAI 
mlcroarray  showing  that  an  effective  EGFP  specific  sIRNA  results  in  the  suppression  of  EGFP  but  not  RFP  expression.  A  nonspecific  sIRNA  did  not  affect 
EGFP  or  RFP  expression.  (Q  A  laser  scan  Image  of  EGFP-  and  RFP-expressing  microarray.  Each  feature  was  500  pM  in  diameter  with  a  pitch  of  750  pM. 
(D)  Magnified  image  of  a  feature  represented  by  a  boxed  area  of  an  image  from  A.  (£).  Dose-dependent  response  of  EGFP-specific  siRNA  in  suppression 
of  EGFP  expression  as  quantitated  by  mean  trimmed  normalized  values  of  EGFP/RFP  mean  intensities  (n=  4).  (f)  Screen  for  Identifying  effective  shRNA 
against  MyoD  gene.  (C).  Screen  for  identifying  effective  sIRNA  against  MyoD,  Normalized  EGFP/RFP  median  Intensities  (y-axis)  were  log  transformed, 
normalized  (n=  4),  and  plotted  against  Individual  siRNA/shRNA  probes  (x-axis).  In  each  case  probes  within  and  outside  1  standard  deviation  (s.d.)  from 
the  mean  value  were  considered  noneffective  (marked  In  black)  and  effective  (marked  In  red),  respectively. 


Although  a  major  time  constraint  Is  the  generation  of  con¬ 
structs  expressing  the  target-reporter  fusion  proteins,  a  novel 
cloning  strategy  to  rapidly  generate  both  N-  and  C-terminus  GFP 
fusions  in  a  high-throughput  format  is  available  (Simpson  et  al. 
2000).  This  method  allows  for  cloning  of  amplified  open  reading 
frames  (ORFs)  by  recombination  and  therefore  circumvents  the 
need  for  screening  for  restriction  sites  in  the  ORF  in  question. 
Another  possibility  is  the  use  of  an  internal  ribosomal  entry  site 
(IRES)  between  the  target  and  the  reporter.  This  would  bypass  the 
stringent  requirement  of  maintaining  ORFs  and  simplify  the 
cloning  of  target-reporter  fusion  constructs  considerably.  We  ob¬ 
served  weak  IRES-mediated  expression  of  GFP  that  was  unsuit¬ 
able  for  quantitation  in  our  screening  assays  (data  not  shown). 

We  envisage  that  RNAi  microarrays  can  also  be  directly  ex¬ 
ploited  for  scoring  RNAi-generated  phenotypes  in  mammalian 
cells  that  result  from  the  loss  of  gene  function,  such  as  NuMa, 
GAS41,  LaminA/C/Bl/B2,  actin,  zyxin,  EgS,  CENP-E,  and 
CdKl  shown  previously  in  conventional  transfection  assays  (Har- 
borth  et  al.  2001). 

In  summary,  we  have  designed  a  rapid,  inexpensive,  pow¬ 
erful,  reliable,  and  quantitative  method  for  screening  the  most 
effective  siRNA  or  shRNA  for  suppressing  gene  expression  in 
mammalian  cells.  This  method  is  likely  to  be  useful  until  detailed 
biochemical  mechanisms  of  RNAi  pathways  are  imcovered  that 
will  provide  more  rational  strategies  for  efficiently  targeting  sup¬ 
pression  of  any  desired  gene.  The  ability  to  quickly  identify  ef¬ 
fective  SiRNA  for  silencing  any  gene  is  likely  to  have  significant 
implications  not  only  in  basic  research,  but  also  in  RNAi-based 
therapeutics  (Agami  2002;  Cottrell  and  Doering  2003;  Shi  2003) 
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and  in  the  generation  of  genetically  modified  animal  models 
(Hasuwa  et  al.  2002;  Kim  et  al.  2002;  Carmell  et  al.  2003). 


METHODS 

Generation  of  sIRNAs,  shRNAs,  and  Target-Reporter 
Fusion  Constructs 

Synthetic  siRNAs  were  either  purchased  from  Dharmacon  Re¬ 
search  or  synthesized  by  in  vitro  transcription  (Donze  and  Picard 
2002).  Specific  siRNA  against  EGFP  (Donze  and  Picard  2002)  and 
scrambled  siRNA  (sense  5'-ATGATACTCGAGGGCATGTCTC- 
TATAGTGAGTCGTATTA-3'  and  antisense  5'-CGGAGACATGC- 
CCTCGAGTATCTATAGTGAGTCGTATTA-30  were  synthesized. 
siRNA  and  shRNA  probes  (see  Supplemental  Fig.  1,  available  on¬ 
line  at  www.genome.org)  against  target  genes  were  designed  us¬ 
ing  computer  software  (http://www.cshl.org/public/SCIENCE/ 
hannon.html).  The  location  of  the  siRNAs  and  shRNAs  on  the 
target  sequences  were  assigned  with  respect  to  the  translational 
start  site,  ATG  (where  nucleotide  A  was  designated  position  1). 
shRNA  sequences  (two  complementary  ~83-nt  DNA  oligos)  were 
annealed  and  cloned  directly  into  a  U6  promoter-containing  vec¬ 
tor  CPaddison  et  al.  2002)  using  a  ligation-independent  cloning 
method  (S.  Aruleba,  K.  Scobie,  and  D.S.  Conklin,  unpubl.). 
shRNA  against  firefly  luciferase  (Paddison  et  al.  2002)  and  a 
scrambled  siRNA  served  as  a  nonspecific  control.  The  MyoD- 
EGFP  fusion  construct  was  prepared  by  amplifying  MyoD  cDNA 
(M  84918)  from  a  pCMV-MyoDs  vector  and  inserted  into  Xhol 
and  BamHI  sites  of  pEGFP-N2  (Clontech).  EGVV-Renilla  luciferase 
(EGFP-Rluc)  fusion  construct  was  prepared  by  cloning  PCR- 
amplified  EGFP  product  from  pEGFP-N2  (Clontech)  into  the 
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BamHI  site  of  pRluc-N3  (PerkinElmer). 

EGFP«Lamin  A/C  fusion  construct  was  prepared  by  blunt  end 
ligation  (filled  in  by  T4  DNA  polymerase)  of  BsrGI  and  Nofl- 
digested  pEGFP“N2  vector  with  a  Notl  and  5fl/I-digested  Lamin 
A/C  (NP„00S563)  Insert  from  Lamin  A/C-pSPORT  I  vector  (Re¬ 
search  Genetics).  In  all  cases,  the  integrity  and  orientation  of  the 
target  gene  with  respect  to  the  reporter  gene  were  confirmed  by 
restriction  enz5mie  ^gestion  and  DNA  sequencing. 

Cell  Culture,  Transfection,  and  Western  Blot  Analysis 

Murine  C2C12  and  human  HeLa  cells  (ATCC)  were  cultured  in 
DMEM  supplemented  with  10%  FBS,  100  U/mL  penicillin,  and 
100  pg/mL  streptomycin  (Life  Technologies).  Cells  were  trans¬ 
fected  in  6-well  plates  using  Llpofectamine  PLUS  (life  Technol¬ 
ogy)  and  2  pg  of  siRNAs  or  shRNAs.  For  Western  blot  analysis, 
cells  were  harvested  at  48  h  posttransfection  and  washed  with 
TBS  (50  mM  Trls,  pH  8.0, 150  mM  NaCl)  and  lysed  in  100  pL  of 
WPA  lysis  buffer  (TBS  supplemented  with  1%  NP-40  and  com¬ 
plete  protease  inhibitors,  Roche  Applied  Science).  Equal  amounts 
of  lysate  were  subjected  to  Western  blot  analysis  (Harlow  and 
Lane  1988)  using  a-MyoD  or  Lamin  A/C  primary  antibody  (Santa 
Cruz)  and  horseradish  peroxidase-conjugated  secondary  anti¬ 
body.  The  blots  were  stripped  twice  by  stripping  buffer  (lOOmM 
p-mercaptoethanol,  2%  SDS,  62.5  mM  Tris-HCl,  pH  6.7)  at  55®C 
and  reprobed  with  anti-a-tubulin  (Sigma)  primary  antilx)dy  and 
horseradish  peroxidase-conjugated  secondary  antibody.  The 
blots  were  developed  using  an  ECL  Plus  Western  Blotting  Detec¬ 
tion  System  (Amersham  Biosciences).  Signal  intensities  were  de¬ 
termined  after  background  corrections  by  using  Alpha-Imager 
2000  Documentation  and  Analysis  Software  (Alpha  Innotech). 
The  percentage  reduction  in  band  intensity  for  each  siRNA/ 
shRNA  relative  to  nonspecific  control  (assumed  to  be  un¬ 
changed)  was  calculated. 

Screening  Assay 

For  each  well  of  a  24-well  plate,  150  ng  of  siRNAs  or  shRNAs,  100 
ng  of  target-reporter  fusion  construct,  and  50  ng  of  pdSRed2-Nl 
(internal  control)  were  used  in  transfections.  Twenty-four  h  post¬ 
transfection,  EGFP  and  RFP  images  were  captured  using  a  Zeiss 
AxioCam  HRm  camera  at  equal  exposure  time  for  all  panels. 
Cleared  cell  lysates  were  prepared  as  described  above  for  the 
Western  blot  analysis,  and  EGFP  and  RFP  intensities  were  quan¬ 
titated  using  a  Multilabel  Counter  (PerkinElmer)  with  Wallac 
1420  software.  The  EGFP/RFP  ratio  was  calculated  and  normal¬ 
ized  against  nonspecific  control  as  described  (Chiu  and  Rana 
2002). 

Dual  Luciferase  Assay 

In  each  well  of  a  24-well  plate,  C2C12  cells  were  cotransfected 
with  300  ng  EGFP-Rluc,  200  ng  pGL3-Control  (Promega),  and 
increasing  concentrations  (12.5-250  ng)  of  specific  EGFP  siRNA 
or  nonspecific  siRNA.  After  24  h  of  transfection,  the  relative 
amounts  of  Renilta  and  firefly  luciferase  were  analyzed  by  a  dual 
luciferase  assay  (Promega)  using  a  luminometer  (Model  3010, 
Analytical  Scientific  Instruments).  The  Rewi/to/firefly  luciferase 
ratio  was  calculated  and  normalized  against  the  control. 

Microarray-Based  Cell  Transfections  (RNAI 
Microarray):  Printing,  Transfection,  Laser  Scanning, 
and  Quantitation 

Essentially  a  mixture  containing  plasmid  DNA  and  various  siRNA 
or  shRNA  in  0.18%  gelatin  solution  was  prepared  and  arrayed  in 
a  384-well  plate.  These  were  printed  on  CMT  GAPS  glass  slides 
(Coming)  by  an  arrayer  (VP478A,  V  &  P  Scientific)  at  4®C.  The 
final  plasmid  concentrations  for  EGFP  fusion  construct  or  nuc- 
EGFP  (Clontech)  and  pdSRed2-Nl  (internal  control)  were  150 
ng/pL  and  50  n^pL,  respectively.  The  shRNA  or  siRNA  concen¬ 
tration  was  kept  constant  at  300ng/pL  or  as  mentioned.  For 
transfections,  24  pL  of  Llpofectamine  2000  (Invitrogen)  was 
mixed  with  300  pL  of  OPTI-MEM I  media  (GibcoBRL)  and  pipet¬ 
ted  onto  a  40  X  20  X  0.2  imn  cover  well  (PC200;  Grace  Bio- 


Labs).  A  slide  with  the  printed  side  down  was  placed  on  the  cover 
well  and  Incubated  for  45  min.  The  cover  well  was  removed  and 
the  slide  was  incubated  with  1  x  10^  HeLa  cells  per  mL  for  24  h 
with  a  media  change  at  6  h.  The  cells  were  fixed  and  mounted 
with  a  coverslip.  More  details  on  printing  and  transfection  can  be 
found  at  (Ziauddin  and  Sabatini  2001).  The  slides  were  scanned 
using  a  laser  scanner  (ScanArray  5000;  PerkinElmer)  at  20  pM 
resolution  to  measure  EGFP  and  RFP  fluorescence.  After  scan¬ 
ning,  the  EGFP  and  RFP  intensities  of  each  spot  were  quantitated 
by  GenePix  4.0  software  (Axon  Instruments).  In  all  analyses,  fea¬ 
tures  showing  obvious  blemishes  and  morphological  defects 
were  eliminated.  Features  with  low  intensities  (<100  units)  in  the 
red  channel  (RFP  fluorescence)  were  considered  inefficient  trans¬ 
fections  and  were  removed  from  further  analysis.  Data  were  nor¬ 
malized  by  trimmed  mean  with  the  trim  value  set  to  5%  (highest 
5%  of  the  values  and  the  lowest  5%  of  the  values  are  excluded 
from  the  calculated  mean)  to  reduce  the  effects  of  outliers.  Each 
spot  was  represented  in  quadruplet,  and  average  values  were  used 
for  final  quantitation.  Data  files  are  available  as  Supplemental 
Figures  2  and  3. 
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The  RNA  hathpin  structure,  is  perhaps  the  simplest  of  all  RNA  secondary  structures.  It 
is  formed  when  a  single-slranded  RNA  folds  back  onto  itself,  making  a  double -strand¬ 
ed  RNA  (dsRNA)  stem  joined  at  one  end  by  a  single-stranded  loop.  The  hairpin,  also 
referred  to  as  a  "stem-loop/  is  found  ubiquitously  throughout  RNAs  of  all  classes.  Its  fun¬ 
damental  architectural  roles  in  RNAs  such  as  tRNAs  or  rRNAs  arc  well  recognized,  but 
hairpin  RNAs  also  function  in  a  diversity  of  other  cellular  roles.  They  define  nucieaiion 
sites  for  folding,  determine  tertiary  interactions  in  RNA  enzymes,  protect  mRNAs  from 
degradation,  and  are  recognized  by  RNA-binding  proteins.  Recently,  a  special  class  of  hair¬ 
pin  RNAs  has  been  shown  to  be  responsible  for  the  posttranscriptlonal  regulation  of  gene 
expression..  These  RNAs  arc  centra!  to  hairpin -mediated  stable  gene  silencing,  a  powerful 
technology  for  the  genetic  manipulation  of  mammalian  cells  in  vitro  and  in  vivo. 

A  novel  strategy  to  regulate  gene  expression  was  discovered  when  /m-4  and  let-7  hairpin 
RNAs  were  identified  in  Caerwrhahditis  elegam  (Lee  et  al.  1993;  Pasquinelli  ct  al.  2000; 
Reinhart  ct  al.  2000).  The  C.  ekgans  Un-4  regulatory  gene,  a  22-nucleotide  RNA  processed 
from  a  precursor  hairpin  RNA  (Hgiire  6.1),  was  identified  in  a  screen  for  mutations  that 


C.  elegans  lin-4  hairpin  precursor 

5>-a  —  g  'Uu  u  c  a  u  -  u 

ugcuu  ccg  ccug  ccc  gaga  cuca  guqugag  gua  c  a 

1 1 1 1 1  1 1 1  I M I  1 1  n  1 1 1  1 1 1 1  1 1 1 1 1 1 1  1 1 1  I 

aegag  ggc  ggac  ggg  cucu  gggu  cacacuu  cgu  g  u 

3'-uag  uuu  a  cau  ccc  -  a  u 

i 

C.  elegans  lin-4  5' -ueccngagaccur.aagitauga -3' 

FIGURE  6.1.  lin-4  is  processed  from  a  hairpin  RNA  precursor.  Although  the  exact  structure  of  the 
precursor  has  not  been  determined,  the  fin-4  precursor  RNA  is  predicted  to  form  a  hairpin  precur¬ 
sor  RNA  containing  multiple  bulges.  The  RNase  ill  enzyme  Dicer  Is  believed  to  process  the  stable  lin- 
4  smalt  temporal  RNA  (shown  in  red)  from  the  hairpin. 
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number  of  potential  applications.  Thv  limitations  appear  to  be  only  in  the  niiture  of  the 
phenotypes  and  the  relative  ease  ol  their  assay,  since  the  robust  nature  of  this  process  is 
lihely  to  make  stable  silencing  a  useful  technique  for  the  foreseeable  future. 
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RNA  Interference  by  Short  Hairpin  RNAs  Expressed 
in  Vertebrate  Cells 

Gregory  J.  Hannon  and  Douglas  S.  Conklin 


Abstract 

RNA  interference  (RNAi)  is  now  established  as  a  general  method  to  silMce  geaie  expression 
inavariety  of  otgamsms.  DouMe-stnmded  RNA  (dsRNA),g/henJnteodnc||  to  cells,  interferes 
with  the  expression  of  homologous  genes,  disrugingp^itf^n^^^o^jn  manimals,  tran¬ 
sient  delivery  of  synthetic  shortJ|ntetfeing?Rl^t^RN/^^p|h  TCpdmble  the  processed 
form  oUtan^d  silendng  mammalian  ^nes. 

d^tioa^f  the  sUendng  effect,  however,  restrict  the 
spectrui^f  ^apttOT^^f  ^NAs  in  mammals.  These  short^ii^s  ef  siRNAs  have  been 
solved  by^^ellular  expression  of  shoi^airp^l^^iSes  vectors.  shRNAs 

are  indistinguishable  from  siRNj^t&tns  of|ffic|c^ingn^^s#but  can  be  produced 
within  cells  ^feinda5^iMS&%?tpre^M#cM^^  wi^;  shRNA  expression 
‘  po8sibl|^^(^^ri^  o^Ssdjil^uS'-ceU  lines  and  transgenic  animals  in  which  suppres¬ 

sion  of  a  targ^ene  i^t^pnaintalned  by  RNAi.  As  a  result  Ae  types  of  RNAi-based  gene 
fiincdcm  analy^  flat  can  be  carried  out  in  mammals  have  been  greafly  expanded  We  describe 
metbods  for  the  construction  and  transfer  of  stable  shRNA  expressing  vectors  suitable  for  gen¬ 
erating  loss  of  function  alleles  in  mammalian  cells  in  vitro  or  in  vivo. 


Key  Words 
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1.  Introduction 

The  recent  completion  of  the  human  and  moose  genomes  has  brought  mam¬ 
malian  gene  function  analysis  to  the  foiefiont  of  biology  (2-3).  Until  recently, 
the  tech"irp»«‘-'»  available  for  mammalian  gene  function  analysis  were  far  less 
effective  tban  those  commonly  used  in  model  goietic  otgamsms.  This  was  espe¬ 
cially  true  in  the  generation  of  loss-of-function  mutations.  Rapid  methods  for 
directed  gene  ablation  in  a  number  of  model  organisms  have  existed  for  20  yr. 
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6.  Oligonucleotides  can  be  obtained  from  any  commercial  supplier.  A  0.05-|xmol 
synthesis  scale  is  sufficient.  Resuspend  the  oligonucleotides  at  100  nM  before 
annealing. 

7.  A  thermal  cycler  can  also  be  used  to  anneal  oligonucleotides.  Add  10-pI.  aliquots 
of  mixed  oligonucleotides  into  polymerase  chain  reaction  tubes  (SOO-jiL  size). 
Place  the  tubes  in  a  thermal  cycler  and  set  up  a  program  to  perform  the  following 
profile:  step  1:  heat  to  95®C  and  remain  at  95‘‘C  for  2  min,  step  2:  ramp  cool  to 
25®C  over  a  period  of  10  min,  step  3:  proceed  to  a  storage  temperature  of  4®C. 

8.  The  completeness  of  digestion  can  be  monitored  by  agarose  gel  electrophoresis. 
Although  not  generally  necessary,  digested  vector  can  also  be  purified  following 
agarose  gel  electrophoresis. 

9.  White  colonies  result  from  the  displacement  of  the  laeZa  gene,  which  drasti¬ 

cally  reduces  the  vector  background  in  the  cloning  reaction.  The  inclusion  of 
the  //indlll  site  in  the  loop  of  the  hairpin  allows  for  rapid  identification  of  clones 
containing  a  hairpin.  Digestion  of  successful  haiipin  constructs  with  Hindlll 
produces  a  570-bp  band.  A  few  colonies  for  each  hairpin  construct  should  be 
sequenced.  ^  J| 

10.  Retroviruses  produced  by  these  methods  .«^,^e^Uph^dous!  Caution 
shoul(y)e  cxercis^  in^||^  p^'diiciiSq^daisg,.  ^iSti^frlppowerful  technique 
f9|jgei^  ^?.'‘k|pgfapii>^prrai^Ilij  aiiddthdrregibnal  guidelines  should  be  fol- 
lo^pd  t|  6liisurc%ipllty^f  those  working  in  the  laboratory. 

11.  Reirdwrus^s  ^e  more  stable  at.  32“q.lhati.3|"^MtliSH|h  i|cubation  at  32‘>C 
during  production  and  inf^donis  not  necessSly,^  ^jlljiini^dve  titers. 

12.  The  vo|rnf|p|yj|^g«S|l^e%dd  on  %f!i|l  ictOTspciudiii|  the  titer  of  virus, 
the  sus^ptlbil^  ^^thersihiiitTo'  infection,  etc.  A  good  starting  point  is  to  infect 
the  hosticells  uSng  a  6.5X  dilution  of  the  retroviral  media  supernatant  collected 
in  Subheading.7.,  step  10. 

13.  Reverse  transcription  and  integration  of  viral  genomes  generally  take  place  within 
the  first  24-36  h.  Although  cells  can  be  assayed  for  the  phenotype  of  interest  at 
this  time,  selection  of  infreted  cells  with  puromycin  greatly  improves  the  pen¬ 
etrance  of  most  phenotypes.  For  each  host  cell  line,  the  minimum  puromycin 
concentration  required  to  Jdll  uninfected  cells  should  be  delemiined  in  titration 
experiments  before  infection.  One  mg/mL  final  concentration  is  a  good  starting 
point  for  titration.  It  should  be  noted  that  puromycin  typically  kills  most  cells 

,  after  only  2  d  exposure. 
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